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ABSTRACT

Resistively heated strip specimens of Cb-1lZr alloy were exposed
at 1700°F (927°C) in a vacuum chamber at various levels of total pressure
in the 10-6 torr range, Pressure levels were maintained by controlled
in-leakage of air. Oxygen reacted rapidly with Cb=1Zr alloy under these
conditions and final oxygen content of the specimens was between 4000
and 9000 ppm for expoéure times between 200 Qnd 500 hours. Oxygen sticking
probabilities were found to depend on whether or not the specimens were
annealed immediately before the test exposure. These results indicate
that a normally undetectable oxide film exists on the Cb~lZr surface as
a result of oxidation by ambient air, and causes the sticking probability
to be lower than on the clean metal surface. Sticking probabilities ranged
from 0.65 on the clean surface to 0.16 on the surface with the oxide film.
Mechanical tests of the contaminated material showed that Cb-1Zr alloy is
considerably strengthened by homogeneous addition of oxygen to an oxygen
level of about 6000 ppm, while still maintaining reasonably good room
temperature ductility. At higher oxygen levels, the ductility decreased
markedly with little additional increase in strength. Welded and annealed
Cb-1Zr is considerably more sensitive to oxygen contamination. The weld

metal is brittle after homogeneous addition of 4300 ppm oxygen.
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I, INTRODUCTION

Refractory metal alloys are known to be reactive with atmospheric
constituents at elevated temperatures. In vacuum systems, even under
what is usually considered "high-vacuum conditions,” residual gases tend
to react with these alloys. The contamination resulting from such
reactions can cause deleterious changes in the mechanical properties of
the alloy and, in the case of severe contamination, could cause premature
failure of a system or component under long=-duration, high-temperature
test conditions. A knowledge of these reaction rates and the effects
on mechanical properties is thus required in order to establish the
environmental conditions necessary for long-term testing of refractory

alloy componehts or systems at elevated temperatures.

Tests of refractory alloy samples and small components are generally
performed in vacuum chambers of moderate sizé (up to about 1000 cubic .
feet). Due to the necessity for minimizing contamination from residual
gases, fhese systems are usually getter-ion pumped and contain all-metal
seals., Such systems can maintain pressures of about 1 x 10_8 torr for
test durations of 10,000 hours or longer, with the test article at elevated
temperatures. Such total pressures have been shown to be adequate
in preventing appreciable contamination of refractory metals, even with
systems containing alkali metals. For testing full-scale systems, these
ultrahigh-vacuum techniques may be impractical, since the chamber volume
may be as large as one million cubic feet. In such test chambers, oil
diffusion pumps and elastomeric seals are used because of practical
considerations, Outgassing of materials of construction, in-leakage of
air, and backstreaming of oil from the diffusion pumps might limit the
vacuum to total pressures in the 10—-6 torr range. Under these conditions,
excessive contamination of high~-temperature, refractory alloy components

might be expected during long-duration testing.

The present program was formulated to determine the extent of con-
tamination of Cb=1Zr alloy when exposed to vacuum conditions simulating
those anticipated in a large, diffusion-pumped,; elastomeric-sealed

system, In addition, the effects of such contamination on the mechanical



properties of the alloy were to be investigated. The results of this

program were intended for application to the proposed testing of the Brayton
Cycle Solar Heat Receiver in the Space Power Facility test chamber at

Plum Brook Station, Ohio. In order to simulate the heat receiver con=
ditions, a bellows capsule, filled with lithium fluoride, was intended to
undergo cycling from 1500°F to 1700°F (816°C to 927°C) duplicating the

cyclic heating conditions of the heat storage tubes. in the heat receiver.

In order to obtain specimens suitable for mechanical property testing,

two resitively heated Sheef Specimens were to have been exposed simultaneously

under isothermal conditions at 1700°F (927°C).

The test exposure conditions for the bellows capsule placed severe
restrictions on the heating system for the capsule. Since the capsule
had to be exposed to the chamber environment, no thermal shielding could
be employed around the capsule, and the heat source had to be located
some distance from the capsule., In addition, the test conditions required
the use of materials in the heating system which would not react with the
environmental gases within the chamber and thus modify the gas composi-
tion. A capsule heating syétem was designed and evaluated to meet these
requirements. This system consisted of a cylindrical array of fifteen
quartz lamps with aluminum reflectors. It was foun& that, even after
several modifications to this heating system, the capsule heat flux
requirements could not be met without applying excessive power to the

lamps which resulted in premature lamp failure.
Because of these difficulties with the capsule heating system, and. the

change in NASA requirements, the contract was modified to exclude testing

of the bellows capsules. This report describes the test exposures of

the contaminated specimens. Four separate test exposures were conducted

producing seven flat sheet specimens with various levels of oxygen con- v
tamination, The exposures were conducted at various vacuum chamber total
pressures obtained by controlled in-leakage of air, From chamber partial
pressure analyses performed with a mass spectrometer,; oxygen reaction
rates were calculated during the exposure. The overall éffecti&e oxygen
reaction rate was obtained from posttest chemical analyses of the speci-

mens, Evaluation includes chemical, metallographic, and X-ray diffraction



analyses, along with tensile; stress-ruapture; and bend transition
temperature determination on selected samples of the contaminated

specimens,

A description of the design and performance of the capsule heating

system is given in an appendix,






I, TEST EQUIPMENT

A, Vacuum System

The strip test exposures were conducted in a vacuum chamber (shown
in Figure 1) capable of operating in the 10“9 torr range. The chamber
consists of a 48=-inch~(1l.22-meter) diameter by 96-inch~(2.44-meter) high
movable bell jar with a fixed 30-inch-(0.76-meter) deep lower sump
section, The chamber is constructed of Type 304 stainless steel. The
bell jar and lower sump section are joined by a flange that incorporates
two concentric butyl rubber O-rings with an evacuation groove between the
O-rings to minimize in-leakage for ultrahigh-vacuum operation. All
other flanges on the chamber are standard ultrahigh-vacuum type sealed
with copper gaskets. The lower sump section contains the instrumentation
and electrical power feedthroughs, a 10-inch-(25.4-cm) diameter pumping
port, and several auxiliary flanged penetrafions. The entire chamber
is insulated and equipped with electrical heaters to bake out the chamber
to 500°F (260°C). Water cooling coils are welded to the chamber wall

and are capable of removing up to 100 kw of heat during test operations.

The vacuum chamber pumping system consists of a 10-inch oil diffusion
pump (NRC model HS 10-4200) with rated pumping speed of 4200 liters per
second with DC-705 silicone oil as the working fluid. Backstreaming of
oil vapors from the diffusion pump is minimized by a liquid-nitrogen=
cooled circular chevron cold trap (NRC type 0315-10). A second baffle
(NRC type 0314-10) is water cooled and located directly above the diffusion
pump. The diffusion pump is backed by a 46-cfm (22-liters=-per-second)
mechanical pump. A 15-cfm (7-liters-per=-second) mechanical pump is used
to evacuate the annular groove between the two O-rings in the main

flange.

As required by the contract, this basic vacuum system was modified
by addition of a calibrated ionization gauge (GE Model 22GT115), a mass
spectrometer (GE Model 22PT180), a variable leak valve (Granville-Phillips
No. 203-001-02-011-011), and a diffusion pump throttle mechanism to vary
the effective pumping speed of the diffusion pump. This mechanism consists

of a stainless steel disk attached to a shaft which is in turn attached



&

Figure 1. Vacuum System for Thermal Vacuum Tests. The Chamber is 4 Feet
in Diameter and 10 Feet High and is Evacuated by a 10-Inch 0il
Diffusion Pump with Liquid Nitrogen Trap. (C2012925)



to a magnetically operated, rotary feedthrough (Varian Model 954-5026).
The disk is so 1ocated in the diffusion pump duct that it effectively
blocks the duct when positioned perpendicular to the duct axis, and
allows full duct conductance when positioned parallel to the axis. The
purpose of this diffusion pump throttle was to permit changes in gas
composition within the chamber by varying the air in-leakage rate and
thé effective pumping speed, while maintaining constant total pressure.
After construction and initial checkout of the throttle mechanism, it
was found that such manipulations added considerably to the complexity
of the tests, so that all test exposures were performed with the throtﬁle
in the full open position giving maximum effective pumping speed. The
test exposures were thus conducted in an atmosphere of normal air com-
ponents (Nz, 0,, Ar) with less than 1 percent of the total pressure due

to other gases (Hz, H,0, CO,, etc,).

2
The chamber total pressure was adjusted by varying the air flow rate

into the chamber with the variable leak valve. In order to assure constant

inlet composition throughout the tests, the contaminating air was with-

drawn from a cylinder of dry air connected to the inlet of the variable

leak valve., Care was taken to prevent direct impingement of incoming

air on the test specimens. Uniform distribution of the air was obtained

by directing a portion of the air to the top of the chamber and the

remainder to the bottom,

B. Power Control and Instrumentation of Specimens

Power for each of two strip specimens was supplied by a stepless
controller which utilizes a silicon-controlled rectifier (SCR). The
basic components of the power circuit are shown in Figure 2. The output
voltage from each SCR unit (West Instrument Corporation Model PSCR=60-240)
is stepped down by a 10-~kva transformer to provide approximately 10 volts

at 900 amperes,

The SCR units may be operated in either an automatic or manual mode
by means of a digital set point unit (West Instrument Corporation Model
JYSCR). In the automatic mode, a control current is generated which is
proportional to the difference between a preselected millivolt level and

the output from a strip-mounted thermocouple, This control current is
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fed to the SCR unit and causes an appropriate increase or decrease in

current to the strip specimen,

An automatic over-temperature trip circuit is provided to protect
each of the strip specimens in case of control circuit malfunction, A
separate strip-mounted thermocouple drives a meter relay with a high
set point which may be adjusted to any desired value. The meter relay
is connected to the contactor~holding coil and causes the contactor to
open if tripped by an over=temperature indication from either strip.

Current and voltage meters are provided to monitor strip power input.

Thermocouple circuits inside the vacuum chamber consist of
W~3Re/W~-25Re wires (0,005-inch-diameter) strung through 99,5 percent
alumina insulators with junctions formed by spot welding the individual
wires to the point at which temperature is to be measured. The alloy
leads are joined to existing copper leads at terminal strips within
the vacuum chamber, and the copper leads are connected to the readout
instruments in the control room, Since the alloy wire-to-copper lead
transition point is the reference junction, copper-constantah thermo-
couples referenced to an ice bath are used to measure the internal
terminal strip temperatures. Thermocouple EMF is measured by a precision
millivolt indicator. In addition, thermocouple EMF was continuously
monitored by strip chart recorders. The controcl console is shown in

Figure 3.

The strip specimens were 26 inches (66 cm) long, 1 inch (2.5 cm)
wide, and 0,030 inch (0.076 cm) thick. Electrodes of Cb-1lZr alloy,
6 inches long, 1 inch wide; and 0.25 inch thick were welded to each end
of each specimen. Two strip specimens, mounted in the chamber, are
shown in Figuré 4 prior to strip test No. 4. The specimen on the left
contains a full=length GTA weld at the mid-point of its width., Eight
thermocouples are mounted at various positions along the length of

each strip.

C. Ionization Gauge Calibration

The data analysis procedures {to be discussed in Section III of

this report) required reliable information concerning ionization gauge
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Figure 4, Two Strip Specimens Mounted in Chamber Prior to Strip Test
Exposure No. 4. Specimen on Left Contains a Full-Length
GTA Weld. (P70~2-1B)
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sensitivity, since a primary test parameter is the oxygen partial pressure
obtained from the ionization gauge reading and the mass spectral data.

A number of inquiries sent to various vendors disclosed that few are
willing and able to perform calibration of ionization gauges. Two
ionization gauge tubes (GE Model 223T 115) were originally purchased

for use on this contract, Both these gauge tubes were calibrated by

the vendor before delivery. Calibration was performed by comparison with
a Mcleod gauge in the range 10-=5 torr for both oxygen and nitrogen. One
of these gauge tubes (No. 3) Was.used for the first strip specimen test
exposure. The other gauge tube (No. 2) was used for the final three

strip specimen test exposures. Following the final test exposure,
examination of the gauge tube elements revealed some discoloration,

Gauge tube No. 2 was then recalibrated. ' This calibration was performed
(by The Fredericks Company, Huntingdon Valley, Pennsylvania) for nitrogen
and oxygen by comparison with a Mcleod gauge in .the range 10—6 to 10-.5
torr. Total pressures for the final three test exposures were within this

range.

The results of these calibrations are given in Table I where the
ionization gauge sensitivity is given for each.gauge tube and for each-
gas., The ionization gauge sensitivity, sig(x)’ for a pure gas x is
defined as

I, (x)

ig
Sig(® = 1, P00

(1
where Iig(x) is the positive ion current obtained at a pressure P(x) with
electron emission current iig' In all tests and calibrations, the emission
current was maintained at 1.0 x 10-“3 amp using gauge filament No. 2
(thoria~coated iridium). The same control (GE Model 22GC101) was used

for all tests and calibrations.

The agreement between the pretest and posttest calibration of gauge
tube No., 2 indicates that no serious change in sensitivity occurred during

the tests. ASTM Standard E297-66T, "Calibrating Ionization Vacuum Gauge

12



1 -
Tubes"( ) quotes an accuracy of % 20 percent of reading from 10 4 to

10 torr using the standard technique.

Using the calibration results shown in Table I, the ionization
gauge sensitivities required for calculation of partial pressures were
obtained., These results are shown in Table II. For gauge tube No. 2,
oxygen and nitrogen sensitivity listed in Table II are the average of
the pretest and posttest values from Table I. Sensitivities for other
gases were obtained from the nitrogen sensitivity and the sensitivity
relative to nitrogen which was obtained from selected literature
sources. It should be noted that calculated partial preséures depend
mainly on the value of nitrogen sensitivity as will be seen in Section
IIT of this report. This is due to the fact that, during the test
exposures, the gas in the chamber was 90 to 95 percent nitrogen. Sensi-

tivity values used for H_, H20, and 002 had little effect on calculated

2
partial pressures since their combined total was typically less than

1 percent of the total pressure,.

D. Pumping Speed Measurements

The vacuum system pumping speed is an important factor in the
materials contamination tests, since, for a given total pressﬁre, the
partial pressure of "active' gas species will depend upon the rate of
gas removal by the pumps relative to the rate of reaction of the "active”
gases with the material surface. Thus for the present tests, in which
air was admitted to the chamber, the oxygen reaction rate may be calculated
from the gas composition within the chamber provided that the system
pumping speed is known. This calculation is shown in Section III of

this report.

The method initially used for the pumping speed determinations is

(2)

based on a rate of pressure change measurement.
The basic equation for the pressure in a vacuum system is

dp
PS = =~V it + Q + Qo (2)

1
1 1968 Book of ASTM Standards, Part 30, General Testing Methods,

American Society for Testing and Materials, Philadelphia (1968).
(2 Van Atta, C. M., Vacuum Science and Engineering, McGraw-~Hill Book
Company (1965).
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TABLE I

RESULTS OF IONIZATION GAUGE CALIBRATION

Pretest Posttest
Calibration Calibration
Gauge -1 -1
Tube Gas §ig(torr ) gig(torr )
No. 3 N2 9.2 -
. J 8 e -
No. 3 02 4
No. 2 N2 8.1 10.0
No. 2 02 7.7 9.0
TABLE II
IONIZATION GAUGE SENSITIVITY
Sensitivity 3 L.
Relative to N ensitivity 1
Gas 5 (X)/si (sz N (x) (torr )
Gauge Tube No. 3 H2 0,42 3.9
H20 0.89 8.2
N2 9.2
02 8.4
Ar 1.56 14.4
002 1.37 12.6
Gauge Tube No, 2 H2 0.42 3.8
H20 0.89 8.1
N2 9.1
02 8.4
Ar 1.56 14.2
CO2 1.37 12.5

14



in which P is the pressure in the system;, S is the pumping speed, V is

the volume of the system, Q is the throughput of gas flowing into the

system (from an external source), and Qo is the gas flow due to

interior surface outgassing. With no gas flowing into the system, the

system eventually reaches a stable pressure referred to as the ultimate
dP

pressure, Po’ of the system. Thus if Q = O and it = 0, equation (2)

becomes

POS = Q . (3)

Now if the pressure in the system is greafer than the ultimate
pressure and no gas flows into the system, then combining equations
(3) and (2) and setting Q = O, we obtain

v ap

) dt .
(o]

(4
Thus if V and PQ are known, the pumping speed may be calculated from the
pressure decrease as a function of time. A more convenient expression
is obtained by integration of equation (4) to obtain
, P -P
S = 2.30 ;——g——— L__o

log,, ———s> . (5
N 0P, - P_

The procedure used was to pump down and bake out the system to obtain
a stable base pressure, Po’ of about 3 x 10'“8 torr. Nitrogen was then
admitted through the leak valve at such a rate as to bring the chamber
pressure into the 10“'6 torr range, The leak valve was then rapidly
closed and pressure as a function of time was obtained by monitoring the

ionization gauge pressure reading on a strip chart recorder.

Data. from a typical run are shown in Figure 5 where log10 (» - Po)
is plotted against time. This particular run was made with the diffusion
pump throttle closed giving minimum pumping speed. The calculated

pumping speed is 209 liters per second.

Some data were also obtained with the diffusion pump throttle open
giving maximum pumping speed. However, the rate of pressure change was
too rapid to give a reliable pumping speed under these conditions., A

second method, giving relative pumping speed, was then used to obtain

15



P-Po, torr

1079
1076
1077
1078 O
Throttle Closed
V = 3495 liters
S = 209 1/sec
1077
0 20 40 60 80 100 120
Time, Sec
Figure 5. Typical Data for Pumping Speed Measurement by the Rate of

Pressure Change Method.
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pumping speed at various orientations of the throttle plate. With the
-6
throttle closed, the pressure was stabilized in the 10 torr range by
admission of nitrogen through the leak valve. Under these conditions,
Qo is negligible, and equation (2) becomes simply
P]_Sl = Q ° (6)

If the throttle is then set at a different position while maintaining a

constant flow, a second stable pressure, Pz, is obtained such that
P.S. = P_S . )

Since S1 had been found from the rate of pressure change method, Sz is

obtained from equation (7) by measurement of P1 and PZ' The results of
these initial pumping speed measurements are shown in Figure 6 where

pumping speed is plotted against orientation of the throttle plate.

Following these measurements, for reasons mentioned previously, it
was decided that the test exposures would be conducted with the pump
throttle open. Under these conditions, it was found that the rate of
pressure change was too rapid to be reliably measured by this technique
A method utilizing measured gas flow rate into the chamber was then
employed. Except for the method of gas admission into the chamber and
the ionization gauge location, the method is essentially the same as that
described in ASTM E-294~67T, "Effective Pumping Speed of Vacuum Chamber
Systems,"(z) The chamber was first pumped to the ultimate pressure PO

and then air was admitted at a measured flow rate, Q, resulting in a stable

pressure, P. The pumping speed was then calculated from the equation

Q

@ -7) . (8)
o

For the air flow rate measurements, a simple constant pressure displace-
ment meter was constructed using a 10=cc pipet inverted in a beaker of
DC-704 diffusion pump fluid. This type of meter is described in ASTM
E-295~67T.(2)
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Figure 6. Pumping Speed (for Nitrogen) Versus Throttle Orientation.
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Pumping speed was measured before and after each strip specimen
test exposure. A summary of the results of all pumping speed measurements
is given in Table III. The pretest value for test No, 1 is obtained from
the rate of pressure change measurements shown in Figure 6. In test
No. 4., the total air flow during the test was measured (as will be
described later) and the pumping speed was obtained from the average

nitrogen flow rate and average nitrogen partial pressure,

Values given in Table III show fairly consistent pumping speéds
except for the first test in which the pumping speed was about one~half
the value measured in the later tests. It should be noted that an
interval of about 12 months elapsed between the conclusion of the first
test and the start of the second test. During this period, evaluation
of the lamp system performance was being made. No changes in the
system can be definitely identified which would cause this large increase
in pumping speed. However, it has been established that soﬁe changes
were made in the cooling water system which could have affected the
water flow to the diffusion pump. The higher values for pumping speed
obtained for the last three tests are in good agreement with the system
pumping speed calculated from the rated diffusion pump speed (4200 1/sec),
the conductance of the cold trap (3000 1/sec) and the conductance of
the water-cooled baffle (2100 1/sec). The net speed thus calculated is
955 1/sec,

19



TABLE III

SUMMARY OF PUMPING SPEED MEASUREMENTS

Eo(torr) P{torr) Q(torr 1/sec) S(1/sec)
Before Test No. 1 481 See Note 1
After Test No. 1 2 x 100 8.7 x 10™° 3.00 x 1075 345
Average 413
-8 -6 -3
Before Test No, 2 1.5 x 10 5.0 x 10 3.75 x 10 753
After Test No. 2 4 x 10=2  5.33 x 10™®  4.44 x 1073 833
Average 793
. -8 -6 . -3
Before Test No, 3 4.2 x 10 3.51 x 10 3.32 x 10 957
-8 - -
After Test No, 3 1 x 10 3.46 x 10 6 2.88 x 10 3 835
Average 896
-8 -6 -3
Before Test No, 4 1 x 10 3.30 x 10 2,80 x 10 851
After Test No. 4 1 x 100 2.79 x 100 2.34 x 10> 841 See Note 2
Avérage 846

Note 1: From Figure 6 throttle angle O degrees. All tests were
made with throttle full open.

Note 2: Obtained from average N, partial pressure during test No. 4.

2
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I1I. DATA ANALYSIS PROCEDURES

A, Partial Pressures from Mass Spectral Data

The mass spectrometer used in these tests was a General Electric
Company Monopole 300 (Model 22PT180). On the recommendation of the manu-

facturer, the ion source, "

Vee" block, and pole piece were gold-plated

to minimize reaction with the relatively high oxygen partial pressures
used in these tests. The output of the electron multiplier was read

on a strip chart recorder through an electrometer (Keithley Model 416).
As with other instruments utilizing electron multipliers, it was found
that the electron multiplier gain will change with time and exposure
conditions. Due to this effect, the mass spectrometer was used to obtain
relative concentrations of the various gases within the chamber, with
absolute partial pressures obtained from the ionization gauge reading,

corrected for the relative concentrations,

A mass spectrum of the residual gases in the chamber at 5 x 10“8
torr is shown in Figure 7. The major constituents under these conditions
are hydrogen (mass 2), water vapor (mass 18), and nitrogen (mass 28),
Characteristic groups of peaks (mass 12 to 16, 24 to 30, 36 to 44, and
48 to 58) are indicative of hydrocarbons, probably from backstreaming

oil vapor.

The method used for calibration of the mass spectrometer and sub-
sequent partial pressure analyses involves the use of both the ionization
gauge and the mass spectrometer in a procedure such that the total pressure
is determined by the ionization gauge reading, corrected for relative
concentrations of various gas species, with the relative concentrations
being obtained from the mass spectrum. With this procedure; variations
in electron multiplier gain do not affect the calculated partial pressures

as long as the relative gain is constant.

The ionization gauge sensitivity was defined in equation (1). The
mass spectrometer sensitivity, sms(x), for any pure gas, x; is similarly

defined:

Ims(x)
1mSP(x)

(8)

SmS(X) =

21
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where Ims(x) is the positive ion current of the mass spectrometer for a
particular peak (usually the parent peak) in the pure gas mass spectrum,
and ims is the electron emission current of the mass spectrometer. Now
if a pure gas at pressure P(x) is measured simultaneously with the

ionization gauge and the mass spectrometer, then P(x) can be eliminated

with equations (1) and (8) to obtain

Ims(x) 1igsig
ims Iig(x)

%)

ns(®) =

(9

The mass spectrometer is thus calibrated to obtain sms(x) for various

pure gases using equation (9).

Now for any gas mixture, it is assumed that the total ionization
gauge ion current is the sum of the ion currents due to each of the gases

in the gas mixture. From equation (9) we thus obtain:

Ims(x)
= Z = i ’
Iig(T) > Iig(x) g mssms(x) ligsig(x) (10)

B

where Iig(T) is the total ionization gauge ion current. But equation
(10) involves the absolute mass spectrometer sensitivity rather than

relative sensitivity, as desired. The right side of equation (10) is

multiplied by Sms(Nz) to give
sms(NZ)
I (%)
1 ms
I, (T) = ———Fr 2, e i, s, (x) (11
ig smS(Nz) X 1mssms(x) igiig
Sms(Nz)

Mass spectrometer sensitivity is taken, for the present purposes, relative
to the nitrogen sensitivity, sms(Nz), since nitrogen is the main residual
gas in these tests. Actually, the term E—_%ﬁ—) is simply a factor
which, in effect, normalizes the sum of the partial pressures to be

consistent with the ionization gauge reading.

Calculation of partial pressures and total pressure by this technique
thus requires knowledge of the relative mass spectrometer sensitivities

for each of the gases and the absolute sensitivities of the ionization gauge.
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1

s (N,)
‘from equation (11), Having determined E_l?ﬁﬂi’ %he absolute mass spectrom-

For a particular mass spectrum, the value is first calculated
eter sensitivities are calculated and thgspa%tial pressures are then

obtained from equation (8).

Table IV shows relative sensitivity for the mass spectrometer.
Sensitivity was measured for Hz, He; Nz, and Ar by admitting. the pure
gases into the vacuum chamber and calculating sensitivity from equation
(9). Corresponding relative sensitivities were then obtained., Attempts
to calibrate the analyzer for oxygen by this method were unsuccessful
since exposure to oxygen pressures in the 10-'6 torr range caused a large
increase in sensitivity and thus consistent values could not be obtained.
This effect is presumably due to "activation" of the electron multiplier
detector in the mass spectrometer due to partial oxidation, and oxidation
under more severe conditions has been used(3) to activate and stabilize

the gain of such electron multipliers,

The oxygen sensitivity relative to nitrogen was obtained by admission
of air to the chamber. Under such conditions, it can be shown from
equation (8) that the relative sensitivity is related to the relative ion

currents and relative partial pressures as follows.

Sms(oz) _ Ims(oz) P(Nz)
Sms(NZ) Ims(NZ) P(OZ)

(12)

€

The standard COmposition (78.09 percent N_ and 20.95 percent 02) was

taken for air and appropriate corrections foi relative pumping speeds were
made in calculating relative partial pressures, Calculation of relative
mass spéctrometer sensitivity for argon from the same mass spectra gave
0.81, in good agreement with 0.85 obtained from the pure gas calibration

for argon,

The mass spectrometer sensitivity for H20 and CO2 is estimated to be

the same as for Nz, as shown in Table 1V,

(3)

Beynon, J. H., Mass Spectrometry and Its Applications to Organic
Chemistry, Elsevier Publishing Company, Amsterdam (1960) .

) Grey, D. E., Ed., American Institute of Physics Handbook, McGraw-Hill
Book Company, Inc,, New York (1957),
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TABLE IV

MASS SPECTROMETER RELATIVE SENSITIVITY

Gas

Sensitivity
Relative to N
_ Sms(x)
Major —s'*—m
Peak ms 2 Source of Data
2 1.39 Separate Cal . for Nz and H2
4 0.50 Separate Cal, for N2 and He
18 1.00 Estimated Value
28 1.00
32 1,03 Air Calibration
40 0.85 Separate Cal . for N2 and Ar
44 1,00 Estimated Value
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B. Reaction Rate Calculations

From kinetic theory considerations, the mass incident rate, m, of a

gas at a surface is

- (13)
m = 5.833 x 10 2 PQ/GE 80

2
T cm  sec

where P is the gas pressure (torr), M the molecular weight, and
T is the absolute temperature (°K). If a certain fraction, q, of the
incident molecules are absorbed and react with the surface, the reaction

rate is

m_ = 5.833 x 1072 ap~/1§ —8r (14)

g
2
cm sec
The parameter, @, is dimensionless and is the probability that an impinging
gas molecule will react with the surface and hence is called the sticking
probability or sticking factor for the gas under the particular conditions

of surface exposure,

For the present tests, the main interest is in the oxygen reaction rate.
If air flows into the chamber with the specimens at elevated temperature,
a portion of the oxygen will react with the specimens according to equation
(14) and the remainder will be pumped away., For calculation purposes, it is
more convenient to express equation (14) in terms of oxygen flow rate
(in Eggggl ) to the specimens. Taking the appropriate gas temperature to
be 20°C (293.15°K), the corresponding oxygen demsity is 1.752 x 1073 gm/torr 1.
With these values, equation (14) becomes

torr 1

oxygen reacting = 11.00 gA P(Oz) s (15)

2
where A is the total reacting area (cm ) of the specimens. Now the oxygen

removed from the system by the pump is

torr 1
oxygen pumped = P(02)802 = 0.936 P(OZ)S “seo o {(16)
The oxygen pumping speed, S0 = 0.936 S where S is the nitrogen {(or air)
2
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pumping speed as given in Table III, The factor 0.936 is obtained by
assuming that the pumping system is conductance limited, a reasonable
assumption since the measured pumping speed is less than 20 percent of

the rated speed of the diffusion pump.

Now the air flowing into the chamber contains 0.934 percent argon.

The argon is completely pumped away since argon does not react with the

specimens., Thus

argon pumped = total argon flow = 0,838 P(Ar)S torr 1 (17)

sec

where the factor 0.838 is again obtained from the assumption of counductance

limited pumping.

The total oxygen flow into the chamber is the sum of oxygen pumped
and oxygen reacted. The ratio of total oxygen flow into the chamber to

total argon flow is the standard air ratio, Thus

total oxygen flow  0.2095  oxygen pumped + oxygen reacted _
total argon flow ~ 0,00934 ~ argon pumped B

0.936 P(OZ)S + 11,00 aAP(Oz)

, (18)
0.838 P(Ar)S
This equation may be simplified to obtain
oA _ P(Ar)
S = 1.708 P(Oz) 0.0851 (19)

This equation shows how the argon-to-—-oxygen pressure ratio varies

with the ratio of oxygen reacted (proportional to qA) to system pumping

speed. The minimum value of izgr; is obtained with no specimens in the
chamber (or with o = 0), and is %he normal air ratio as modified by the
P(Ar)

conductance limitation. The ratio, 5?6—7’ becomes increasingly larger

(P(Oz) decreases) as the product, 0A, iincreases with respect to S. This

is shown in Figure 8 where gggr; is plotted against g% . This demonstrates

a very important consideration in the calculation of refractory metal

contamination rate in a vacuum system under conditions of air in-leakage;
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that is, that the actual composition in the chamber will be considerably
different from the nominal air composition if the ratio,gg s Ls greater
than about 0.,05. Similar calculations could be performed to find the

nitrogen-to-oxygen ratio.

In a particular test specimen exposure, the sticking probability
can be calculated both from the gas analysis and system pumping speed
(equation 19), and from the oxygen partial pressure and weight gain
(equation 14). The agreement between these two essentially independent
calculations is a measure of the overall consistency of the test data.
The value of o calculated from equation (19) is the instantaneous value
while that obtained from the total weight gain (equation 14) is the

overall (or effective) value.
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Iv. STRIP TEST EXPOSURES

All strip specimens exposed in these tests were cut from the same
sheet of Cb=-1Zr, nominally 0,030-inch (0.076-cm) thick. The sheet was
furnished by NASA; and the strip specimens were fabricated by GE=NSP.
The strips were cleaned; prior to welding of the electrodes, according
to specification 03-0010-00-D. This specification requires pickling in
a solution of 20 percent nitric acid, 20 percent hydrofluoric acid,
and 60 percent water, Other details pertaining to the preparation of

the individual strip specimens are given below,

A, Test Exposure No. 1

The initial test exposure was made on a specimen consisting of a
17-inch length of material cut parallel to the rolling direction and
a 9=inch length cut transverse to the rolling direction, The two sections
were welded together by gas-tungsten arc (GTA) welding. The specimen was
not annealed after welding. A summary of the test exposure conditions
and results of test No. 1 are as follows:

Test Specimen - Cb~lZr sheet, 26 inches (66.0 cm) long x 1.0 inch

(2,54 cm) wide x 0,0316 inch (0.0802 cm) thick.

Surface pickled. Longitudinal and transverse
sections,

Exposure Time = 210 hours.

Specimen Temperature - 1700°F (927°C).
Vacuum System Pumping Speed - 413 1/sec,
Average Total Pressure - 8,57 x 10_5 torr.

Average Partial Pressure - N 7.92 x 10-.6 torr, 87.7%

oi 8.76 x 10 ' torr, 10.2%
Ar 1,15 x 10”7 torr, 1.34%
H2 3.01 x 10 torr, 0.35%
H20 2,55 x 10 ~ torr, 0.29%
o, 4.9 x 107 torr, 0.05%
Specimen Analyses: (ppm) (ppm) (ppm)
Oxygen Nitrogen Carbon
Posttest 5990 70 -
Pretest _ 44 22 342
Change 5950 48 -
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Average Oxygen Reaction Rate -~ m = 2,71 % 10_9 gm/cmzsec
(Calculated from oxygen increase)

Sticking Probability: o

fi

0.160 {(Calculated from m_, Ref. Equation 14)
o

0.183 = .039 (Average of values calculated
from Ar/0O_ ratio; Ref,
Equation %9)
Total and partial pressures during the exposure are plotted against
exposure time in Figure 9., The partial pressures are calculated as
described in Section III of this report, and the total pressure is the sum

of the partial pressures, The air constituents, 02, N_,, and Ar account

for more than 99 percent of the total pressure. CO, aithough probably
present in small quantity, could not be detected due to interference

from other species in the system. Small quantities of heavier hydrocarbons
were detected with masses greater than 50 but quantitative analyses were
not obtained. The most prominent of these hydrocarbons were in the C4

group (masses 50 to 57) and benzene (masses 77, 78, 79).

The measured average argon=to-nitrogen partial pressure ratio is
0,0153 compared to 0.0142 calculated from the standard air composition
and relative conductance limited pumping speed. The good agreement between
these two values indicates a very low sticking probability for nitrogen,’
This conclusion is confirmed by the vacuum fusion analyses which show a

nitrogen increase of only 48 ppm,.

The sticking probability, calculated for each gas analysis from the
argon~to~oxygen ratio (Equation 19), is shown in Figure 10. The line
shown in the figure is calculated from a linear fit of the data by the
method of least squares. This shows a slight tendency toward decreasing

sticking probability with increasing exposure time.

The standard (RMS) deviation of the 20 data points in Figure 10 is
+ 0,030 or about 21 percent of the average value of q. This variation
is attributed to instabilities in the mass spectrometer and to changes
in pumping speed throughout the test. The sticking probability calculated
from the increase in oxygen content of the specimen is 0.160 in excellent
agreement with 0.183 = ,039 calculated from the argon-to—oxygen partial

pressure ratio,

During evaluation of the materials from the initial test exposure;

it was found that the weld between the transverse and longitudinal
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sections was quite brittle. This effect will be discussed below in

the evaluation section of this report.

B, Test Exposure No, 2

In an attempt to minimize embrittlement of the weld metal on sub=-
sequent exposure, the specimens for test exposure No., 2 were vacuum
annealed in the test chamber by heating to 2200°F for one hour. As events
transpired, the specimens were exposed to ambient air for a period of

several months following annealing and before the test exposure.

The two specimens exposed in this test were each 26 inches long,
one inch wide; and 0.0316 inch thick and consisted of a 17-inch length
cut parallel to the rolling direction and a 9-inch length cut transverse
to the rolling direction., The two sections were welded together by
gas=tungsten arc (GTA) welding. The surface of one specimen was roughened
by grit—=blasting all exposed surfaces with 60-grit alumina of 99,9 percent
purity. All specimens were fabricated at GE-NSP and grit-blasting was

performed at NASA-Lewis Research Center,

The duration of the second test exposure was 501.5 hours with a
calculated average oxygen partial pressure of 2,2 x 10-7 torr, However,
in performing the posttest chamber pumping speed measurements, it was
found that unusually low pressures were obtained (indicating unreasonably
high pumping speed). Investigation of this effect revealed that the
ionization gauge had become contaminated during the test and was, in
fact, reading too low during an unknown (but probably extensive) period
during the test. Thus, no reliable pressure measurements were obtained

for this test.

The probable cause of the deterioration of the ionization gauge
readings during this test is the formation of an insulating deposit on
the ion collector as a result of exposure to high concentrations of
hydrocarbons during the test. These hydrocarbons were inadvertently
evolved into the chamber on several occasions during the test due to
failure of the automatic liquid nitrogen supply. The susceptibility
of the Bayard-=Alpert type of gauge to this hydrocarbon contamination is

(2,5)

discussed in several references. Careful outgassing of the gauge

(5)

ASTM E296, "Ionization Gage Application to Space Simulators,"
1968 Book of ASTM Standards, Part 30, General Testing Methods,
Society for Testing and Materials. Philadelphia (1968).
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following the test apparently restored the gauge to its normal operating
characteristics. No instances of loss of liquid nitrogen were encountered

in any test except exposure No. 2,
A summary of the test conditions and results is as follows:

Test Specimens = Cb=1Zr sheet, 25 inches (66,0 cm) long x 1.0 inch
(2,54 cm) wide x 0.,0316 inch {(0.0802 cm) thick.
Iongitudinal and transverse sections. Specimens
annealed but exposed to air for 3 months before
test exposure,
Surface: Specimen A = cleaned and pickled
Specimen B - grit-blasted (60-grit alumina).,

Exposure Time = 501.5 hours,

Specimen Temperature - 1700°F (927°C).

Vacuum System Puniping Speed -~ 793 1/sec.

Average Total Pressure -~ Not determined; ion gauge malfunction.
Average Partial Pressure - Not determined; ion gauge malfunctionm,

Specimen Analyses:

(ppm) (ppm) (ppm)
Specimen A -~ cleaned and pickled Oxygen Nitrogen Carbon
Posttest 8460 38 -
Pretest _ 44 22 342
Change 8420 16 -
(ppm) (ppm) (ppm)
Specimen B - grit-blasted Oxygen Nitrogen Carbon
Posttest 9670 39 730
Pretest _360 22 350
Change 9310 17 380
Average Oxygen Reaction Rate:
Specimen A - cleaned and pickled: m_oo= 1.60 x 10m9 gm/cmzsec.
Specimen B = grit-blasted: mr = 1,77 x 10“‘9 gm/cmzsec.
Sticking Probability: o = 0.274 % 0.085 (Average value calculated

from Ar/O2 ratio, Equation 19),

The sticking probability, calculated for each gas analysis from the
argon-to-oxygen ratio (Equation 19}, is shown in Figure 11. It should be
noted that, even though the absolute partial pressures were not obtained
due to the ionization gauge malfunction, the relative partial pressures
are still valid since the relative values are obtained solely from the

mass spectrum. The line shown in the figuwxe is calculated from a linear
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fit of the data by the method of least squares, This line shows a slight
tendency toward decreasing sticking probability with increasing exposure

time, as was observed in the first test. The standard deviation from the

line is * 0,085 (or * 31 percent) indicating relatively poor precision

in these measurements. The scatter in the data is due mainly to instabilities
in the scanning circuit of the mass spectrometer during this particular

test. This problem was corrected following this test.

The average of all sticking probabilities calculated from the argon-
to~oxygen ratio (Figure 11) is 0.274 * 0,085, This is higher than the
average value of 0,183 * 0,039 calculated for test exposre No, 1 but is
still within the combined standard deviations of the measurements. Another
factor to be considered is that the sticking probability, as indicated
from the total oxygen increase, is about 10 percent higher for the grit-
blasted strip than for the strip with bare surface. This indicates that
the average sticking factor for the grit-blasted strip would be 0.287,
and for the bare strip; 0.260 as calculated from the argon~to-oxygen

pressure ratio and the relative oxygen increase,

The increase in carbon content of Specimén B (grithlasted) in this
test was considerably larger (380 ppm) than for the other tests. This
higher carbon pickup is apparently due to the malfunctions in the liquid
nitrogen control during the test, and subsequent evolution of relatively

large quantities of hydrocarbon vapor into the vacuum chamber.

C. Test Exposure No, 3

Simultaneous exposure of two strip specimens was performed for the
third test, One strip contained a full-length GTA weld down its length at
the mid-point of its width, The width of the fusion zone was about 0,25
inch (0.64 cm). The other strip contained transverse and longitudinal
sections as described in the previous test, Both strips were annealed
in the vacuum chamber immediately before the test exposure. The test

setup was identical to that shown in Figure 4 for test No. 4.
A summary of the test conditions and results is as follows:

Test Specimens = Cb~1Zr sheet, 26 inches (66.0 cm) long x 1.0 inch
(2.54 cm) wide x 0,0316 inch (0.0802 cm) thick,
Annealed immediately before test exposure.
Specimen A: ILongitudinal and transverse sections,
Specimen B: Full=length GTA fusion weld.,
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Exposure time - 438.3 hours.
Specimen Temperature - 1700°F (927°C).
Vacuum System Pumping Speed -~ 896 liters per second.

-8
Average Total Pressure: 2,95 x 10 torr.

Average Partial Pressures: Nitrogen 2,76 x 10“6 torr, 93,5%
Oxygen 1.33 x 10““7 torr, 4,52%
Argon 4,22 x 10."8 torr, 1.43%
Hydrogen 1.14 x 10—8 torr, 0,39%

Water Vapor 3.7 x 10‘“‘9 torr, 0.13%
Carbon Diexide 1.2 x 107> torr, 0.04%

Specimen Analyses:

(ppm) (ppm) (ppm)
Specimen A Oxygen Nitrogen Carbon
Posttest 8130 30 538
Pretest _144 22 342
Change 8090 8 196
(ppm) (ppm) (ppm)
Specimen B = Welded Strip Oxygen Nitrogen Carbon
{(Fusion zone analyses)
Posttest 7080 47 435
Pretest 21 26 285
Change 7060 21 150
Average’Oxygén Reaction Rate (from oxygen increase):
Specimen A: m, o= 1.75 x 10—9 gm/cmZSec.

1.53 x 10“9 gm/cmzsec.

Specimen B(welded): mr

Sticking Probability: Specimen A: 0.679 (calculated from mr)°
0.594 {(calculated from mr).

0.623 * 0,038 (calculated from
Ar/O2 ratio).

Specimen B: o

]

o

[

The sticking probability, calculated for each gas analysis from the
argon-to~oxygen ratio (Equation 19) is shown in Figure 12, The least
square linear fit of the data shows good precision (% 0,038 or * 6.1 per-
cent) compared with previous measurements. The sticking factor calculated
from the gas analyses is in excellent agreement with the average of values
calculated from the oxygen increase of each specimen. The very surprising
result is that calculated sticking factors are about three times greater

than values obtained on the first two test exposures. This effect is
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believed to be a result of annealing the specimens immediately before

the test; as will be explained in a later section of this report. A
significant difference exists between the oxygen increase of the non-
welded material and that of the weld metal., This difference indicates
that the sticking probability on the unwelded material is greater than on

the weld metal by about 14 percent,

An increase in cafbon content of both specimens was noted during the
test, even though the liquid nitrogen trap was kept cold throughout the
test and the mass spectrometer indicated low hydrocarbon content of the
gas phase. The increase was, however, only about half the value obtained
in test No. 2, when malfunctions in the liquid nitrogen supply were en-
countered. This observation indicates that the 1iquid nitrogen trap is
only partially effective in preventing backstreaming of oil vapor from

the diffusion pump and subsequent carbon contamination of the specimens.

D. Test Exposure No, 4

Considerable difficulty had been encountered in the previous three
tests in predicting the oxygen increase of the test specimen. There was,
at this point, some doubt as to the stability of the system pumping speed
and the accuracy of the measured values due to the unexplained differences
in pumping speed between the first two tests. 1In addition, large and un-
expected differences in sticking probability were encountered. Finally,
the problems with the ionization gauge which occurred during the second
test raised some doubt as to the accuracy of the pressure measurements
until the final ionization gauge calibration was performed, In view of
these uncertainties, a method was used for the final test which gave the
desired increase in oxygen content even with large uncertainties in pump~-

ing speed, sticking factor, and pressure measurement,

This method is based on the measurement of total air flow into the
chamber and on the fact that, with two strip specimens in the chamber,
the majority of the air that enters the chamber reacts with the specimens.

This can readily be seen by combining equations (15) and (16) to obtain

11,75 %4
Oxygen reacted S
Total oxygen OA (20)
ve 11,75 &+ 1
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It should be noted that the fraction of the total oxygen that reacts with
the specimens is independent of the oxygen partial pressure. Inserting

the measured values for a; A, and S from test No. 3 into equation (20},

one finds that, for that test, 85 percent of the oxygen entering the chamber

reacted with the specimens.

Equatinn {20) can be used to relate the total air flow (in torr-liters)
to the oxygen increase of the specimens (ppm) using appropriate specimen
geometrical factors and the standard air composition. Thus, it can be

shown that

4a
S

7,88x10398-:+1

1.25 x 10

Oxygen increase {(ppm) = x total air flow (torr=-1).(21)

From equation (21) it can be seen that, for high values of %, the oxygen
increase is independent of % and is proportional to the total air flow,
For very low values of %, the oxygen increase is proportional to % and
the total air flow, and only a small fraction of the inlet air reacts

with the specimen.

The total air flow required for several values of oxygeh increase is
plotted against % in Figure 13. It is apparent from these curves that
the oxygen increase is insensitive to % for % values greater than 1 x 10“3
sec per liter. Since the desired oxygen increase for this test was 4000
ppm, then with 3000 torr-1 total air flow, this target value (* 500 ppm)
would be obtained for any % between 0,35 x 10"3 and 2,3 x 10_3° For test
exposure No. 4, the primary controlling test parameter was thus the total
air flow rather than oxygen partial pressure and time as in the previous

tests.

In order to measure total air flow to the chamber, a stainless steel
container of accurately measured volume {(3.70 liters) was fabricated and
connected to the inlet of the variable leak valve. The pressure in the
container was measured throughout the test so that, with appropriate
temperature corrections, the total air flow to the chamber could be

determined,

The test specimens for test exposure No. 4 were identical to those
of test No, 3. One strip contained a full-length GTA weld, and the other

strip contained transverse and longitudinal sections., Both strips were
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annealed in vacuum for one hour at 2200°F immediately before the test
exposure. The strip specimens mounted in the vacuum chamber are shown

in Figure 4.

A summary of the test conditions and results for test No., 4 is as
follows:
Test Specimens = Cb-1Zr sheet, 26 inches (66.0 cm) long x 1.0 inch
(2.54 cm) wide x 0.0316 inch (0.0802 cm) thick,
Annealed immediately before test.

Specimen A: Iongitudinal and transverse sections,
Specimen B: Full=length GTA fusion weld.

Exposure Time =~ 274 hours.

Specimen Temperature - 1700°F (927°C).

Vacuum System Pumping Speed =~ 846 1/sec.

Total Air Flow to Chamber: 2948 torr-liters (20°C).

Average Total Pressure: 2,97 x 10"-6 torr,

Average Partial Pressures: Nitrogen 2,79 x 10“6 torr, 93,9%
Oxygen 1.27 x 10”7 torr, 4.28%
Argon 4,00 x 10'-8 torr, 1.35%‘
Hydrogen 9.3 x 10.-'9 torr, 0.06%
Water Vapor 1.8 x 10"'9 torr, 0,04%

Carbon Dioxide 1.1 x 10> torr, 0,04%

Specimen Analyses:

(ppm) (ppm) (ppm)
Specimen A Ongen Nitrogen Carbon
Posttest 4430 48 542
Pretest _ 44 22 342
Change 4390 26 _200
Specimen B (welded strip) (ppm) (ppm) (ppm)
Fusion Zone Analyses Oxygen Nitrogen Carbon
Posttest 4210 50 483
Pretest _136 22 318
Change 4080 28 165
Average Oxygen Reaction Rate (from oxygen increase):
Specimen A: m,o= 1.53 x 10“'9 gm/cm2 sec,
Specimen B (welded): m, o= 1.42 x 10-9 gm/cmz sec,
Sticking Probability: o = 0.581 % 0.071 (calculated from Ar/O2 ratio).
Specimen A: o = 0.623 (calculated from mr).
Specimen B (welded): o = 0.578 (calculated from mr)°
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The sticking probability, calculated for each gas analysis from the
argon-to-oxygen ratio (equation 19) is shown in Figure 14. The least
square linear fit of the data shows a standard deviation of + 0.071
(+ 12 percent). As in all of the tests reported here, there is a slight
tendency toward lower sticking factors with increasing test exposure time.
The sticking probability calculated from the gas analyses is in good
agreement with the average of the values calculated from the oxygen increase

of the specimens,

As in the previous test, the sticking factors are much higher than
obtained in the first two tests, where the strip specimens were not

annealed immediately before the exposure,.

E. Strip Specimen Thermal Behavior

As shown in the preceding section of this report, large differences
in oxygen sticking probability on Cb-1Zr were noted depending on whether
or not the strip specimens were annealed immediately before the test
exposure. The most logical explanation for this effect seemed to be that
some change in the specimen surface occurred as a result of the annealing,
If such surface change occurred, it might also cause a change in other
surface properties, for example, the total hemispherical emittance.
Although not specifically required by the contract, an investigation of

the strip specimen thermal behavior was thus performed.

Thermocouples were attached to the strip specimens at six locations
along the length of each strip. Temperatures were measured periodically
throughout each test along with the current to each specimen, During the
initial portion of each test, some variations were noted in both tempera-
ture profile along the strip and current required to maintain 1700°F,
Figure 15 shows the temperature profile along the strip at various test
times for a typical test exposure. This particular strip was specimen A
of test No., 4 with surface pickled and annealed immediately before the
test. These data show some variation in temperature along the strip
during the initial 30 hours of the test after which time the‘temperature

is guite uniform,

The current required to maintain the strips at 1700°F increased
considerably during the initial portion of each test. This effect is

apparently the result of an increase in total hemispherical emittance
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Figure 14, Sticking Probability Calculated From Argon-to~Oxygen Ratio for
Test Exposure No. 4, Two Strip Specimens (One With Full-Length
GTA Weld) Were Annealed Immediately Before Test.
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of the specimen surface, In order to calculate the approximate emittance
of the surface, it is assumed that the resistivity of the material is
constant throughout the test. With this assumption, the electrical power
dissipated is equated to the radiated power:

Power radiated = IzR = eOT4 (22)
where I is the current, R the resistance; ¢ the total hemispherical
emittance, 0 the Stefan-Boltzmann constant; and T is the absolute tempera=
ture. For a number of reasons, the voltage drop across the strip was
not measured with sufficient accuracy to permit calculation of the emittance

from the measurement.

In Figure 16, the specimen current, temperature, and calculated
emittance are plotted against test time for specimen A of test No. 4.
The specimen surface was pickled only and annealed immediately before the
test. The total hemispherical emittance was obtained from equation 22
assuming a constant resistivity of 50 x 10_6 ohm—-cm, This value has been
reported(e) for Cb-1Zr containing about 500 ppm oxygen. The calculated
emittance increased from 0,15 to 0.23 during the first 100 hours of the
test and remained constant (0.23 to 0.,24) until the test was concluded,
The overall increase in oxygen content of this specimen was 4390 ppm,
It should be noted that if the resistivity of the strip aetually increased
during the test, then (from eqguation 22) the change in emittance would

have been even greater than shown in Figure 16,

It is of interest to compare the calculated emittance values for
the four specimens with similar surface (that is, pickled only), one
exposed in each of the four tests. These values are plotted in Figure 17,
The initial emittance of all four specimens is agbout the same (0.15 to
0.17), An increase in emittance of all four specimens may be noted during
the first 100 hours of exposure, However, the specimens that were not
annealed immediately before the test exposure have a significantly higher
maximum emittance (0,32 to 0,34) compared to the maximum of 0.23 to 0.24

for the specimens that were annealed immediately before the test. At

6
() Rigney, D. V., et al., "The Electrical Resistivity of Lithium and

Columbium ~ 1 Zirconium Alloy to 1430°C," Pratt and Whitney Aircraft =
CANEL, Report TIM-854 (August 1965).
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very high oxygen levels there is some tendency toward lower emittance,
as indicated by the final emittance values on specimen A of test No., 2

(8460 ppm) and specimen A of test No, 3 (8090 ppm).

Since no attempt had been made to instrument the strip specimens
for precise emittance measurements, there is considerable uncertainty
(estimated * 15 percent) in the calculated values., However, the
relative values of calculated emittance should be much more reliable.
There is thus a definite difference in the maximum stable emittance
depending on whether or not the specimen is annealed immediately before

the test exposure.

The calculated emittance of the grit-blasted strip (test No 2,
specimen B) is considerably higher than strips with unprepared surface
but showed the same general increase in emittance. The calculated
total hemispherical emittance was 0.28 at the beginning of the test and
increased to 0,48 after 100 hours. Thereafter the emittance decreased

slowly and was 0.42 at the conclusion of the test (501 hours),

F. Discussion of Oxidation Rate Measurements

Results of the oxidation rate measurements of oxygen with Cb=1Zr at
1700°F and oxygen partial pressures in the 10_7 torr range show a'definite
effect of pretest annealing. Specimens oxidized immediately following
vacuum annealing for 1 hour at 2200°F had oxygen reaction rates correspond-
ing to an average sticking probability of about 0.65, For the unannealed
specimen, or for specimens annealed and subsequently exposed to ambient
air, the rates were considerably lower, corresponding to a sticking factor

of ahout 0.16.

A summary of the reaction rate measurements of oxygen with Cb-1Zr
at 1700°F is given in Table V, Specimens for test No, 2 were annealed
but were subsequently exposed to ambient air before the test exposure,
The oxygen pressure for this test was not determined due to malfunction
of the ionization gauge. The sticking probability for this test, as
calculated from the gas analyses was slightly higher than that obtained

in the first test in which the specimen was not annealed.
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A number of other investigations have been made of the low pressure
oxidation rate of columbium and columbium alloys. The two studies most
pertinent to the present investigation are those of Hogan, Limoncelli,
and Cleary(7) and the recently published data of Barrett.(s) Other data
will not be considered here since they were obtained either on pure
columbium, in a furnace (hot wall) system, or at oxygen pressures so
high (greater than 10“5 torr) that gross surface oxides could have formed.
Measurements of Hogan, et al., were made in an induction heated system
(cold wall), on 0.030-inch- (0.076-cm) thick material, and the material
was cleaned and pickled before the test exposure. The data of Barrett
include a number of variables; pressure, temperature; hof and cold wall
tests, and zirconium content. Significance of these variables was deter-
mined by multiple linear regression analysis. One set of data, however,
was obtained under conditions similar to those reported here; that is,
an induction~heated (cold wall) test with Cb=.75Zr. The specimen (No, 88)
was 0,050 inch (0,127 cm) thick and was cleaned and pickled before the
test exposure. Test conditions and specimen preparation for these cited

tests were thus very similar to those of the present tests.

Comparison of reaction rates, from the two studies cited above,
with data from the present investigation is shown in Figure 18. The data
at higher pressures (above 1 x 10“5 torr) from Reference 7 are not shown.
The three data points from the present study arevfor test No. 1 (not
annealed), test No. 3 specimen A, and test No. 4 specimen A (both annealed
immediately before the test exposure)a The striking feature of this com-
parison is that the sticking probability on the annealed specimens agrees
well with the data of Reference 7 (2000°F) while the sticking probability

on the unannealed specimen is in agreement with the data of Reference 8
(1796°F) .

" Hogan, J. F., Limoncelli, E. A., and Cleary, R. E., 'Reaction Rate of

Columbium - 1 Zirconium Alloy with Oxygen at Low Pressures, Report
TIM-901, Pratt and Whitney Aircraft (August 24, 1965).
(®) Barrett, C. A., "Absorption Rate Sticking Probabilities for Oxygen
on Columbium and Dilute Columbium - Zirconium Alloys,'" NASA TN D-4885
{November 1968).
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The most reasonable explanation for this behavior is that a partially
protective film exists on Cb-1Zr as a result of oxidation with ambient
air, and this film persists at temperatures to at least 1800°F (982°C).
The result is a relatively low reaction rate corresponding to a sticking
probability of about 0.16. If oxidation rate measurements are made at
2000°F (1093°C) or higher, this surface film is removed by dissolution of

oxygen in the base metal. Relatively rapid reaction of oxygen occurs on

the bare metal surface with a sticking probability of about 0.65. The
same higher reaction rate is obtained at lower temperatures (1700°F) if
the protective film is initially removed, as for example, by annealing

at 2200°F (1204°C). The postulation of such a mechanism thus gives a
possible explanation for differences observed here between annealed and
unannealed surfaces, and also for the apparent discrepancy between data

of Hogan, et al.(7) and Barrett.(s) It should be noted that Barrett

(his Table 1V) lists the sticking probability on Cb-1Zr for the cold wall
case at 2012°F (1100°C) as 0.161., However, this conclusion must have been
drawn from his regression analyses, since no reaction rate data are listed

for those conditions.

If the existence of a partially protective film is in fact the cause
of the relatively low sticking probability observed on the unannealed
specimens, then, during the course of the oxidation exposure, this film
will probably increase in thickness, If it decreased in thickness, it
would very likely disappear entirely since it is so thin (a few atomic
layers in thickness) at the beginning of the exposure. The result would
be an eventual increase in sticking probability. Since such an increase
in sticking probability did not occur in these tests, it may be concluded
that the film thickness increases at the oxidation rates employed here,
and may be microscopically visible at high enough oxygen contents. Such
surface film has, in fact, been observed as shown in Figure 19, Figure
19A shows the surface of specimen A of test No. 2 with 8460 ppm oxygen.
This photograph clearly shows a surface layer of Cb205v6Zr02 approximately
6 x 10-’5 inches (1.4 x 10'-4 cm) thick, This specimen was annealed but
exposed to ambient air before the test exposure. As shown in Figure 19B,

no such surface layer is visible on specimen A of test No. 3 which con=
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Figure 19A.

Figure 19B.

Electrolytic Stain Etch H58011A

Surface of Specimen A of Test No. 2 Showing Surface Layer

of Cby05+6Zr09 Approximately 6 x 10=3 in. (1.4 x 10~% cm)

Thick. Specimen Contains 8460 ppm Oxygen and was Annealed
but Exposed to Ambient Air Before Test Exposure.

Electrolytic Stain Etch H58021A

Surface of Specimen A of Test No. 3 Shows no Surface Layer
but Only Precipitated Cb905°6Zr09. Specimen Contains

8130 ppm Oxygen and was Annealed Immediately Before the
Test Exposure,
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tains 8130 ppm oxygen and was annealed immediately before the test exposure.
The oxide phase has been identified by X-ray diffraction techniques as
explained in Section V of this report.

(93

It is interesting to note that, in a study of the welding of
Cb-1Zr, it was reported that the microstructure of the weld metal, after
annealing at 1700°F and 1800°F, showed little difference from that of the

as—aged weld. However, upon annealing at 1900°F, a coherent network of

intragranular precipitate just began to appear. This distribution of
precipitate was quite different from that in the as—aged condition and
ductile behavior resulted. This result demonstrates that, at tempera-
tures of 1900°F (1073°C) and higher, the mobility of the constituents

of the alloy is sufficiently high to enable this precipitation reaction

to occur within a few hours. It is not unreasonable to expect that,

at the same temperature, oxygen at the surface will diffuse into the

bulk metal and precipitate as this intragranular phase. This is precisely
what occurs according to the mechanism postulated to account for the

observed differences in sticking probability.

In the measurements reported here, the increase of nitrogen was
quite small for all specimens, being less than 50 ppm in each case., This
observation indicates an extremely low average sticking factor for
nitrogen under these conditions. This result is in general accord with
the conclusion of Inouye(lo) that, in the reaction of Cb-1Zr with nitrogen,
the rate determining step for the reaction is the diffusion of nitrogen
into the alloy after the initial reaction at the surface. This is in
contrast to the oxygen reaction with Cb-1Zr where the rate controlling
process is the impingement of oxygen molecules on the surface. The small
increase in nitrogen content in these tests is thus explained by the

extremely low diffusion coefficient which is calculated to be 3.5 x 10“13

2 wn
cm’ sec 1 at 1700°F (927°C) from the data of Reference 10,

(9)

Franco-Ferreira, E. A. and Slaughter, G. M., Welding Research Supplement,

peg., 18-S (January 1963).
(10)Inouye, H., "High-Temperature Sorption of Nitrogen by Nb~1%Zr in
Ultrahigh Vacuum,' O3NL-4403 (May 1969).
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The increase in carbon content in these test exposures.was surprisingly
high. The increase in carbon for tests No. 3 and No. 4 was between 150
and 200.ppm for the exposures of 438 and 274 hours, respectively. These
values correspond to a carbon reaction rate of about 5 x 10-'ll gm per
cm per sec. The most obvious source of this carbon is backstreaming of
diffusion pump oil, although the pumping system contained a liquid nitrogen-
cooled baffle. It is estimated that hydrocarbon partial pressure is less

-9
than 10 torr, Accurate evaluation of the hydrocarbon partial pressures

would require a knowledge of what species are present in the system

and calibration of the mass spectrometer for these species.

The increase in nitrogen and carbon found in the present study is
not inconsistent with data obtained at Oak Ridge National Laboratory.(ll)
In those tests, exposure of Cb-1Zr sheet specimens at 6.7 x 10_7 torr
nitrogen partial pressure for 1000 hours caused a'nitrogen increase of
55 ppm or less for temperatures between 618 and 1202°C. Exposure of
0.040-~inch Cb-1Zr sheet at ORNL in a vacuum system (presumably oil
diffusion pumped) with base pressure of 2.4 x 10_7 torr for 1000 hours

caused carbon increase as high as 100 ppm.

It has been shown (see Figure 17) that definite differences in the
maximum value of total hemispherical emittance were obtained depending
on whether or not the specimens were annealed immediately before the test
ekposure. This observation can, at least qualitatively, be explained in
terms of the postulated mechanism involving formation of a surface layer
on oxidation of the specimens which were not annealed immediately before
the test. For the unannealed specimens, or the specimens exposed to
ambient air following annealing, (test No. 1 and test No., 2) the surface
film is so thin that it is essentially transparent to the emitted radiation.
This results in an initial emittance value which is the same as for the

specimens without the surface film (test No. 3 and test No. 4). As.the

(11)

Thurber, W. C., et al., "Recent Studies on Columbium-1% Zirconium
Alloy" in High-Temperature Refractory Metals (Metallurgical Society
Conferences Vol. 34, Fountain, R. W., et al., Eds.) Gordon and
Breach, New York (1966).

58



film thickness increases; the emittance correspondingly increases until,
when the surface layer becomes opaque, a stable emittance value is reached
which is characteristic of the oxide layer. For specimens of tests No,

3 and No. 4, in which no oxide layer is formed,; the smaller increase in
emittance must be due to some other change in the surface. This could

be accounted for by an increase in surface nitrogen or carbon or perhaps
by merely structural éhanges in the surface; that is, a purely thermal
effect not related to the contamination.

Other studies(lz)

of the emittance of Cb-1Zr also showed changes in
emittance which were not fully explained. The emittance was found to
depend on the temperature to which the specimen was heated and was stable
if that temperature was not exceeded on repeated heating. The measure-
ments were made at pressure of 5 x 10_6 torr and, apparently, some

surface reaction had occured since é thin white surface film was formed

during the thermal treatment.

12)

McElroy, D. L., and Kollie, T. G., 'Measurement of Thermal Radiation
Properties of Solids, NASA SP-31 (Symposium at Dayton, Ohio, Sept. 5,
6, 7, 1962).
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V. EVALUATION OF Cb-1Zr TEST SPECIMENS AFTER EXPOSURE

Evaluation of the Cb-1Zr test specimens included visual examination,
chemical analyses, tensile tests, stress~rupture test, bend test, micro-
hardness tests, X-ray diffraction, and metallographic examination. Of
the seven test specimens exposed, mechanical tests were performed on five.
The welded strip of test No, 3 was not completely evaluated since, with
such high oxygen content (7080 ppm) it was expected to be extremely
brittle, as judged from the results of mechanical tests of the welded
specimen of test No. 4. Specimen A of test No. 3 (pickled and annealed)
was not completely evaluated since it had essentially the same chemical

composition as specimen A of test No. 2,

As has been discussed in previous sections, all specimens except
specimen A of test No. 1 were annealed at 2200°F for 1 hour before the
test exposure., The purpose of the annealing was to prevent embrittlement-
of welds by an aging reaction during the test exposure. It should be
noted that some welding was performed on all specimens, although only two
are denoted as "weld specimens." Other specimens contained a weld to

join the longitudinal to the transverse sections,

Samples for evaluation were cut from each specimen only in the region
in which uniform temperature was obtained during the exposure. No samples
were taken within 2 inches of the end electrodes nor within one inch of
the center weld, in the case of specimens with both longitudinal and trans-

verse sections,

A, Visual Examination

Visual examination of each of the strips after the test exposure
revealed nothing of an unusual nature. There were no surface discolora-
tions, cracking, or apparent surface reactions resulting from exposures

of the test strips at the various oxygen partial pressures.

B. Chemical Analyses

Posttest samples for chemical analyses were removed from each strip
at various locations along the length. Samples were analyzed for oxygen,
nitrogen, and hydrogen by the vacuum fusion method and for carbon by the

combustion conductometric technique. The complete results of the chemical
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analyses are presented in Table VI. These results indicate relatively
uniform oxygen contamination throughout the base metal of the test specimens.
The local oxygen concentration of the weld joining the longitudinal and
transverse sections was found to be lower than the adjacent base metal,

This is due to the increased thickness at the weld from addition of filler
metal and subsequent dilution of contaminants during test exposure. The.
oxygen concentration of the weld metal of the specimen of test No. 1 was
3000 ppm compared to the base metal oxygen concentration of 5990 ppm.
Analyses of weld metal of the grit-blasted strip of test No. 2 showed

6200 ppm oxygen as compared to the base metal oxygen concentration of

9670 ppm.

C. Tensile Tests

Room temperature tensile tests and tensile tests at 1700°F in vacuum
were performed to determine the effects of oxygen contamination on the
ultimate tensile strength, yield strength, and ductility of the metal.
The results of the room temperature tensile tests are presented in Table
VII., Generally, higher oxygen content causes an increase in strength and
deqrease in ductility. This is apparent in Figure 20 where ultimate
tensile strength and elongation are plotted against oxygen content for
the specimen with bare surface and orientation parallel to the rolling
direction (longitudinal orientation), The ultimate tensile strength
increases with oxygen concentration to about 6000 ppm where the strength
is greater than the as-received value by nearly a factor of 3. The
elongation decreases more gradually and, at 6000 ppm, is about half of
the as-received value., At oxygen concentration greater than 6000 ppm,
the ultimate tensile strength increases more gradually while the elonga-
tion falls rather rapidly until very little if any ductility remains

above 8000 ppm.

The ultimate tensile strength of the grit-blasted strip with 9670
ppm oxygen is apparently less than that of the bare surface specimen
containing 8460 ppm. However, the grit-blasted strip exhibited essentially
zero elongation and the validity of tensile tests of such brittle material

is questionable.

62



1

€87 z 0g 012% 53810AY UOTJEUIWEIUOD 350313504
6SS 165 ‘188 9 s ‘o 9% v ‘ob 6Tgv 1¥6€ ‘L6VY doy, moted ,G°€T
.LO¥ g6e ‘0gv L 6 ‘g 24 3s ‘og L02% 96sy ‘8g0% doy, morad ,¢°'%
81g 138 ‘vie 1 T ‘1 %3 €z ‘18 9eT 291 ‘got pPapTaOM-5Y
3¥s N 8% ocHP afeaoAy UCTIBUTWEIUOD 35833504
vLS 819 ‘zeg L z ‘Bl 0S 6v ‘1Ig A8 47 90%% ‘LIPP doy, mot1eog ,G'€El
608 999 ‘zoy 9 o1 ‘1 oF sy ‘ov 249747 665 €80c¥ doL moTed ,G°F
3% zLE ‘L6¥ ¥ T°9 i 8% ‘cop 0802 £0BL ‘1769 doL moTed ,g°¥
g8z 968 ‘egie 1> > 92 L2 ‘vg 12 12 ‘13 pepIoOM-SV
8E¢ 88y ‘i8¢ i) T ‘s oe ge ‘1z 0e18 5908 ‘9818 dog, moted ,G'%
[ YA Wl.m |®|W. Qn._”ﬁo Teiau wwmmv 0L96 wwmhw>< UOTIBUTWEIUOD 35931504
ShL 018 ‘629 0z ov ‘1 ST gv ‘et 6596 9%96 ‘gg86 doL moted , g°€T
0g8L 6cL ‘o0L 6 LT ‘1 9¢ L€ ‘we 1896 6996 ‘2696 doL moted ,¢'F%
oey ogy 9 T ‘1T 8¢ 6g ‘Lg 0029 0s19 ‘ogz9 Te39W PISM
9%€ oLe ‘zze 2 gz ‘1 44 1z ‘gz £9¢g 09g ‘99% pPo1SETE-3TID SY
- - o1 z ‘L1 8¢ 6e ‘og 0978 oges ‘zecs dog, moTed ,G'%
M .nluM A%HGO Telauw Wmmmv 066¢S OMN.H®>< UOTIBUTWEBLUOD 35933504
- - 4 1 ‘g ¥9 09 ‘L9 9969 €09¢ ‘635S doy, mo1ed 6
- - 4 g ‘1 18 18 ‘18 1£29 0619 ‘¥889 doJ, moTed , 3
- - € g ‘g g9 €g ‘LL 9LT9 P19 609 PIOM I93ud) MoTed | T
- - 9 6 ‘c ¥P gs ‘ot 000€ 001E ‘0062 Te319W PTaM
42 8ee ‘ive ] g ‘s 44 9 ‘gg {17 8¢ ‘og -
adeuaaay sajeoTTdng agexaay saj3eoTTdNng a8eaaay sajeoTTdNQ adeaaay sajeotTTdng uotleso7 o1dusg
(udd) uogae)d (udd) usBoapiyg (udd) us80x3IN (udd) us84£xQ

pateauuy ‘peTyoTd
drazg - pioa '€

paTesuuy ‘paldOId 'V

pereauuy ‘peTidTd
- drxis piem g

poteauuy ‘paridId °V

peyeeuuy ‘pojseid
-31a9 ‘porold 'd

pereouuy ‘porxold 'V

POTOTd 90BFANS 'V

poATe09Y~SY

JuduW3BAIYIBIL
usutoadg 2597

“ON 1885

SNENIOHAAS LSAL JIZI-90 40 SASATVNY TVOINIHO

IA TI9VL

63



‘eToyutd ut partTed

)
*pauIel1qo sem pIOIL aa0Faq parIed ®)
P 1°9% 6°%¢ 1°9% 013y Teurphii8uoy peTeauuy ‘paTid1d
6°0 (®) ®) ¥'¥E 013V Teutpn318uo] - dra3g popiom ‘g ¥
- L°%8 0L96 asJaaasuBa],
e B
- MNW MNW AQvO.N.mH 0,96 25JI2A8SUBI],
c'o ) @ 0'13T 0L96 TeuIpn1I8UO] peresuuy ‘pejseld
- (@) ®) Anvo.HHH 0L96 Teuipn318uo] -3112p ‘peiydId ‘d 4
*8ay §'T ‘Say 0°921 *8ay 0°gel
0°1 0°€£21 ®) 0°eel 0978 TEUTPN3}13u0T
0°'z 0°621 () 0'get 0998 Teurpnyr8uo] peteauuy ‘porddId 'V 4
*3AY L°gT *3AY g°18 *8ay 0°92 *Bay GTLIT
0°'%T G°'Gg8 2°8L 0°GTT 066S asaaasueal,
7'e1 c'68 L°6L 0°0gT 0665 9sI9s5UBL]
*8ay 1'91 *3AY 8°G8 "84V G'92 *8ay 0°611
89T 0°v8 0°G62 0°91T 0669 Teurpn3i3uo]
AR RS S'L8 0°8L 0°331 0665 1eUTpPn3T13UOT POIYOId @deyang °y T
*8ay 1°¢1 *BAY L°%g *3AV 6°8b *8ay 1°8L
89T 0°'¢g 0°g¥ 1'28 5744 9SI2ASURL]
€6 8 A L 'GP 1'vL 0ch¥ ?sI2ASUBL],
*8ay g6l *3AY 2°%S *8ay g Lp *8AY 018
9°03 T Z'LP 0°'18 ()} 744 Teutpn3ISuo]
L°LT 1°pS S LY 0°18 ()] 47 Teurpnl1duc] paTeouuy ‘paIydTId ‘V i
*8aY g'og *8aY ¢'pg *8ay 1'6T *8AY L°67
v°'ze 0°¢g G0z G 6V (<54 OSIOASUBLL
9°8% 0°'%2 9'LT 8° 6% Sv 8sI9ASUBL],
*3av 9°0¢ *8AY 9°13 *8av ¢'8T *8AY 9'¢¥
9'1¢ 8°13 L°81 L'EY 174 TeuIpny 18uo]
9°6%g 1% £°81 ey 14 TeutpniT3uo] pPOAT®D9Y-5Y
%) (1sy) (tsy) (1sY) (udd) uorjejuataQ ordumes jusujeailaxd ‘ON 2597,
uoriesuory ‘8K %370 *S°A %20°0 ‘STLn UOT3}BIIUSDUOD uauidedg 3159l
uaB8LxQ

SNANIDHEAS LSHL JZT-dD 40 SISHL TIISNAL AUALVIIdNIYL NOOY

IIA &I9VL

64



v *uotle8uoly

*uoT3va1T(q BUTTToY

9Yy3 03 ToI[eiBd UOTIBRIULTI(Q puB @0BJING 9vikg YIIM Suswroodg 10J

uoT3leazuaduo) uaBLx() snsiep uorieBuoly pue yizBusilg I7Isusl LjewWilTN 07 °an8Td
wdd ‘uorjeajueduo) uvaBAxQ

000°0T 0008 0009 000% 0002 0

’ g
N
////
~
"~
:llle
——
B e —— . o~ o
0¢ uorjeduoTy NV’I =
it \\-\@
e, IV\
\ Ty e,
g,
013 o 3
0y 0
/ ——& Sl
@l‘l‘\\

0¢

0%

09

08

00T

0¢t

071

18y ‘yjBuealg oTTISUL], 2IBWIITL

65



The longitudinally welded strip of test No. 4 containing 4210 ppm
oxygen (weld metal concentration) was machined in such a way that the
gauge section of the tensile specimen was entirely weld metal., This
allowed for evaluation of the contaminated weld and for a comparison
with the strength of the base metal which had been contaminated to the
same level. The results indicated the strength of the weld metal to
be slightly less than the strength of the as-received material and
approximately equal to half the streungth of the surface-pickled and
annealed strip of the same test containing a similar oxygen concentration
of 4430 ppm oxygen, The ductility of the weld metal is essentially nil
as compared to the ductility of the bare strip containing a comparable

amount of oxygen.

Comparison of room temperature tensile tests of samples of the same
specimen shows little effect of specimen orientation on the ultimate
tensile strength. There is, however, a somewhat smaller elongation

obtained in the transverse direction than in the longitudinal direction.

Results of tensile tests in vacuum at 1700°F are shown in Table VIII.
With increasing oxygen content there is a corresponding increase in
strength at 1700°F up to about 6000 ppm oxygen. However, the specimen
with grit-blasted surface and 9670 ppm oxygen had lower ultimate tensile

strength at 1700°F than the bare surface specimen with 5990 ppm oxygen,
y

In contrast to the room temperature elongation, the tensile elonga-
tion at 1700°F for samples tested in the longitudinal direction was

about the same for oxygen concentrations between 4430 and 9670 ppm.

D. Stress-Rupture Testing of Welded Specimen

Stress-rupture tests were performed on the longitudinally welded
and annealed specimen (test exposure No, 4) with 4210 ppm oxygen. The
test specimens were machined in such a way that the gauge sections were
entirely weld metal., The tests were performed at 1700°F and 10_6 torr
total pressure. Rupture was not obtained in 15 hours at stress levels
of 20 and 30 ksi with elongations of only 0.2 and 0.3 percent, respectively.
Additional testing would be required in order to obtain more definitive

data on stress-rupture properties.

66



*oanssaxd Te303 aI03

0T ¥ T 3¢ pawaoyaad §3893 OTISUDL

o~ ()
peteauuy ‘par1idoid
8% i AR<i4 ol 8 4 6° 8% 012¥ Teurpni18uo] - drxig peprom ‘4 i
L'9 9°8S 3 °Sv 6°19 0296 dsa9ASURLY
*8ay 1°¢€1 *8ay 1°0¢ *8AY Q°cy *8AV £°8¢
L°vT 2Ly 0°'P¥ g ge 0L96 TeUIpNISUC] paiseTd
PUTT 6°2¢ 0° 9% 0°19 0,96 TeutTpn3 18uo] -31ap @oBIING *g 4
L9 G LS 2°0S L°G9 066S 9saaasUBL],
e P 6°09 0°.Lg 0°0L 066S Teurpny118uol paTyoTd @oBIaNg ‘Y T
*8ay 8°11 *8ay 1°08 *8AY €°%¥ *8ay 0°9¢
g°2T T°0¢S L°E% $°gg 0S¥ dsIPASURL],
0°1T T°0% 0°G¥ G*9g (01457 DSIDASUBL],
*8aV 8°T1 *8ay 1°1¢ *8AV L'9¥ *8AY Z°'9¢
0°TT 0°1¢ v Ly 0°9¢g (]34 Teutpny18uo]
R A g 1¢ 6°Sy ¥°9¢ (127 Teutpng 18uoy pateduuy ‘peryoId °V b
) (tsy) (rs1) (1s3) (udd) UOT3IBIUDTIQ USUTOAdS JudWILSI3DAJ “ON 2389%
uotieluoty ‘S*X %2°0 *S°X %20°0 ‘§ LN UOTBIIUSOUOD usutoadg 3s9]
ua84Lxo

SNIWIDEAS LSEL XZI~AD 40 SLSHL TTISNAL

IIIA TI8VL

Amvsbbo<> d,00LT

67



E. Bend Testing

A single bend test was performed on the specimen of test No. 1
after contamination to a level of 5990 ppm oxygen. A 0.031-inch x
1.0-inch x 2.0-inch sample was bent 90° at room temperature using a
2t radius and a load rate of 0.025 inch per minute. The specimen
exhibited ductile behavior as shown in Figure 21. After the sample
reached a bend angle of 90°, the load was removed and 20° spring-back

was observed.

A series of bend tests at various temperatures was performed on
the longitudinally welded specimen of test exposure No, 4 which con=-
tained 4210 ppm oxygen in an attempt to determine the ductile-brittle
bend transition temperature. The test temperature was achieved by
immersing the test sample mounted on the Vee block in a constant tempera-
ture bath, Temperature was measured using a copper-constantan thermo-
couple attached to the bend test Vee block. The samples were bent 90°
with the weld face in tension and the bending axis perpendicular to
the weld axis. A load rate of 0,2 inch per minute was used with an
anvil of 1t (0.031-inch) radius., The bend test results for temperatures
between 32° and 550°F are shown in Table IX and Figure 22, The test
samples all cracked in the weld metal at very low bend angles. From
these results, the bend transition temperature is estimated to be well

above 550°F,

The bend test results are consistent with the tensile elongation
measurements discussed above, The welded and annealed strip contaminated

to 4210 ppm oxygen exhibits very little room temperature ductility.

After it was determined that the bend transition temperature for the
welded specimen was about 550°F, a sample was vacuum annealed at 2200°F
for one hour in an attempt to improve the ductility. This sample was
subsequently bend tested at room temperature using the same parameters

as in the previous tests. The weld metal again cracked on bending,

F, Metallographic Examination = X-Ray Diffraction

Metallographic examination of the contaminated specimens generally
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Figure 21, Room Temperature Bend Sample of Cb-1Zr Sheet Containing 5990 ppm
Oxygen. Sample From Test Exposure No. 1. (P69-1-35B)
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TABLE IX

BEND TESTS OF OXYGEN CONTAMINATED, LONGITUDINALLY

WELDED TEST STRIP

Oxygen Test Heat Ultimate Bend Bend
Concentration Temperature Transfer Load Test Angle
(ppm) (°F) Media (1bs) Results (Degrees)
4210 32 Water 48.6 Cracked 7.2
in Weld
4210 75 Air 46.3 Cracked 7.2
in Weld
(a)
4210 75 Air 42,6 Cracked 7.2
in Weld
4210 200 F~50 Silicone 49.2 Cracked 9.0
Base 0il in Weld
4210 500 F-50 Silicone 56.0 Cracked 12.6
Base 0Oil in Weld
4210 550 F-50 Silicone 45,2 Cracked 13.0
Base 0Oil in Weld
(a)

Specimen heat treated 1 hour at 2200°F
contamination and prior to bending.
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revealed relatively large amounts of intergranular precipitate. A method
of anodic staining(ls) was used to distinguish between the phases

present within the sample. With this techniquej different phases pro-
duce different interference colors depending upon the composition and
structure. To identify the phases present, selected samples were obtained
from the test specimens by bromine extraction techniques and examined

by X~ray diffraction. Results of the phase identification by X~ray
diffraction are given in Table X. In each sample, the major phase
detected was Cb205=GZr02. A minor phase of Cb2N and a trace of monoclinic
ZrO2 were also found. In the sample with highest oxygen concentration
(9670 ppm) a submajor phase of CbO was also detected, Data from a

typical X-ray diffraction spectrum is given in Table XI.

Figure 23 shows the microstructure of the contaminated parent metal
with various oxygen concentrations. In each case, the major precipitated
phase is Cb205»6Zr02, which tends to concentrate in the grain boundaries,
Relatively more precipitate may be noted at 5990 ppm than at 4430 ppm
oxygen. In the specimen with 9670 ppm oxygen, CbO precipitate is also
found in grain boundaries near the surface. A surface layer of Cb205-62r02
may also be seen on this specimen., Note that this specimen was con-
taminated during the same test as the specimen shown in Figure 19B

which also had a visible surface oxide film.

Figure 24 is a composite of the weld, heat-affected zone, and
parent metal of the longitudinally welded strip of test No. 4 containing
4210 ppm oxygen. It may be noted that the intefgranular precipitate of
Cb205.6Zr02 nearly completely covers the grain boundaries of the large
grains in the weld. This may be seen more clearly in Figure 25 which

shows the microstructure of the weld metal at higher magnification.

G. Microhardness

Microhardness surveys were made on those samples selected for

metallographic examination in order to obtain some indication of the

(13 R. S. Crouse, Identification of Carbides, Nitrides, and Oxides of

Niobium and Niobium Alloys by Anodic Staining, ORNL-3821 (July 1965).
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TABLE X

PHASE IDENTIFICATION BY X-RAY DIFFRACTION OF EXTRACTED

SAMPLES FROM Cb-1Zr TEST SPECIMENS

Oxygen
Concentration Phases
Test Specimen (ppm) Detected
Test #4 - Specimen B 4210 Cb205.6Zr02
Weld Metal

Cb,N

Monoclinic ZrO2
Test #4 - Specimen A 4430 Cb205.6Zr02

Cb2N

Monoclinic ZrO2
Test #1 - Specimen A 5990 Cb205.6Zr02

Csz

Monoclinic ZrO2
Test #2 -~ Specimen B 9670 Cb205.6Zr02

CbO

CbZN

Monoclinic ZrO2

Relative

Amount

Major

Minor

Trace

Major
Minor

Trace

Major
Minor

Trace

Major
Sub-major
Minor

Trace
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TABLE XI

TYPICAL X-RAY DIFFRACTION SPECTRUM -
SPECIMEN FROM TEST NO. 1 (5990 PPM OXYGEN)

o Relative
d, A Intensity hk1l Identification
3.64 w 101 Ortho + Mono ZrO2
3.15 w Mono ZrO2
2,94 S 111 Ortho
2,85 W* Mono ZrO2
2.680 W 100 Cb N
2.62 vw 002 Ortho
2.53 MW 020 Ortho
2,475 MW* 002, 200 Csz, Ortho
2,38 w 012 Ortho
2,36 S* 101 Cb2N
2.34 w 021 Ortho
2,08 w 121 Ortho
1,82 MS 022 Ortho
1.80 M 102,202 Cb N, Ortho
1.79 MW 220 Ortho
1.710 VW 212 Ortho
1.649 w 103 Ortho
1.577 w 113 Ortho
1.563 w 110 Csz
1.529 M 131 Ortho
1.510 w 311 Ortho
1.477 w 222 Ortho
1.405 W** 103 Csz
1.322 vw 112 Csz
1,314 vw 004 Ortho
1.294 W 201 Ch,N

Ortho
ASTM Data

3.61

2,95

2,31

2.09

1.838
1.809
1.782
1.706
1.649
1.579

1.545

1.511
1.478

1.321

* These lines sharp, all others broad and diffuse.

Ortho = orthorhombic Cb205,6Zr02 (ASTM Card 9~251),
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H27011B
Specimen A, Test No. 4. 4430 ppm Oxygen

< 67210, 7

MB-567L
Specimen From Test No, 1. 5990 ppm Oxygen

G95011E
Specimen B, Test No. 2. 9670 ppm Oxygen

Figure 23, Parent Metal With Various Oxygen Concentrations.
Electrolytic Stain Etch.
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uniformity of the oxygen concentration thoughout the specimen thickness.
Results of microhardness traverses taken from the surface of the specimen
through the half-thickness are shown in Figure 26. These data indicate

a relatively uniform hardness except for the specimen from test No, 1
(5990 ppm oxygen) in which a hardness gradient extends to a depth of about
8 mils. The uniform hardness throughout the thickness indicates uniform
oxygen concentration. It is thus concluded that, under conditions of
these test exposures, the oxygen diffusion rate through Cb~1Zr is greater

than the surface reaction rate.

The increase in hardness with oxygen concentration is shown in Figure
27 where the central (or half-thickness) hardness is plotted against

oxygen concentration,

H. Discussion of Evaluation Results

With homogeneous addition of oxygen to Cb-1Zr at 1700°F (927°C)
there is a concurrent increase in ultimate and yield strengths and a
decrease in ductility. These property changes are consistent with the
observed changes in microstructure and hardness. It should be noted
that these effects are similar to the well—documented(9’14’15) age harden-
ing effects in the Cb-1Zr alloys even though the microstructural changes
are quite different. As-cast or as-welded Cb-1Zr is subject to embrittle-
ment upon high-temperature aging in the temperature range 1500° to 1800°F
(816° to 982°C) for periods of the order of 100 hours. This embrittlement
is caused by a finely dispersed intragranular oxide precipitate which may
be submicroscopic. Annealing in the temperature range from 1900° to
2200°F (1038° to 1204°C) results in formation of larger precipitated
particles (overaging) which minimizes embrittlement upon subsequent heat-

ing at lower temperatures.

(14) Hobson, D. O., 'Aging Phenomena in Columbium-Base Alloys' in High-

Temperature Materials I (Metallurgical Society Conferences Vol. 18,
Ault, G. M., et al,, Eds.) Gordon and Breach, New York (1963).

15 '
(15) Stewart, J. R., Liberman, W.,, and Rowe, G. H., 'Recovery and Re-

crystallization of Columbium-1.0% Zirconium Alloy" in Columbium
Metallurgy (Metallurgical Society Conferences Vol, 10, Douglas and
Kung, Eds.) Interscience, New York (1961).
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Knoop Hardness Number,lOO Gram lLoad

500

450

400

350

300

250

200

150

100

Spec, B, Test 2;

9670 ppm

Oxygen

i/
|

Test 1;

5990 ppm Oxygen

‘\\§::~ Spec. A, Test 4; 4430 ppm
Spec. B, Test 4; 4210 ppm
Oxygen
2 10 12 14 16
Distance From Edge, mils
Figure 26. Hardness Traverses of Contaminated Test Specimens.
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In contrast to this behavior, the relatively high level of oxygen con-
tamination in the present study caused embrittlement by massive precipita-
tion of oxides in the grain boundaries, rather than by the fine intragranular
precipitate found in the aging reactions. 1In addition, all test specimens
in this study (except the specimen of test No. 1) were annealed in order to
prevent embrittlement of the material by an aging reaction which might have

occurred during the course of the contamination exposures.

Cb-1Zr, welded and annealed, is considerably more sensitive to oxygen
concentration than is the parent metal, At 4300 ppm oxygen the weld metal
is brittle, while at 6000 ppm oxygen the parent metal is still quite ductile,
The reason for this seems to be simply a matter of grain size. Since the
grains in the weld are so large, a relatively smaller amount of oxygen
éreates sufficient oxide precipitate to nearly completely cover the grain
boundaries resulting in brittle behavior, This may be seen quite clearly
in Figure 25. At an equivalent oxygen concentration, the oxide is more
dispersed in the smaller grains of the parent metal as can be seen in
Figure 24, Since the embrittlement of the weld metal is due basically to
the comparatively large grain size, it might be expected that postweld
annealing would have little if any effect on this process, since annealing

does not appreciably change the grain size.

It was also found that ductility of the longitudinally welded and con~-
taminated specimen (specimen B of test No. 4) could not be restored by the
usual annealing treatment of 2200°F for one hour. This indicates that the
massive oxide precipitate formed by the intentional oxidation cannot be
readily redistributed by subsequent heat treatment so as to produce a
ductile structure. In the welding study(g) previously referred to, it
was found that contaminated Cb~1Zr with 4200 ppm is brittle as welded but
regained good ductility after annealing. It thus appears that this sequence
of oxygen addition, welding, and annealing produces a different distribu-
tion of oxide precipitate and hence better ductility than does the sequence
of welding, annealing, oxygen addition, and re-annealing which was employed

in the present study.

It is interesting to note that the major precipitated oxide phase

found in the contaminated specimens of the present study was the complex oxide,
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Cb205°62r02,with a minor phase of monoclinic Zroz. Apparently, this is

the first time that this complex oxide has been identified in the precipitate
from Cb=Zr alloys, Hogan, et al.(7) identified monoclinic ZrO2 by electron
diffraction of extracted particles from their contaminated specimens.

Several crystalline forms of ZrO_ as well as unindentified phases were

2
found in as-cast Cb=1Zr by Stewart, et al.(ls) using electron diffraction
analyses. Barber and Morton,(le) in their study of the Cb~Zr-0 system,

found ZrO2 in their specimens by X~-ray diffraction techniques.,

It should first be recognized that interpretation of patterns from
the extracted residue is quite difficult, especially when multiple phases
of similar structure are present, There is thus the possibility of mis=-
interpretation of the patterns on the part of any of the investigators,
the present study included. On the other hand, there is equal possibility
that the compositions, time, and temperature of the present study are such
as to allow the equilibration of the complex oxide phase while such condi-
tions were not imposed in the other investigations cited.

The existence of the compound, Cb205-62r02'was firmly established by
work of Roth and Coughanour(17) who investigated phase relations in the
Cb205—Zr02 system, The structure of this compound is orthorhombic and
it melts incongruently at about 3040°F (1670°C). There seems to be no
fundamental reason why it could not precipitate as.a result of oxidation

of Ch=1Zr,

(16)

Barber, A. C. and Morton, P. H., "A Study of the Niobium-Zirconium-
Carbon and Niobium-Zirconium Oxygen Systems' in High-Temperature
Refractory Metals Part 2 (Metallurgical Society Conferences Vol. 34,
Gordon and Breach, New York (1966).

an Roth, R. 8. and Coughanour, L. W., Jour. Res,, National Bureau of
Standards 55, 209 (1955).
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VI. SUMMARY AND CONCLUSIONS

Flat sheet specimens of Cb-1Zr were exposed at 1700°F (927°C) in
a vacuum chamber at various levels of total pressure in the 10-6vtorr
range. Pressure levels were maintained by controlled in-leakage of air.
Oxygen reacts rapidly with Cb~1Zr under these conditions, and exposure
times were adjusted to give various final oxygen content of the specimens
between 4000 and 9000 ppm. It was shown that the relative gas composition
depends on the parameter gg where O is the oxygen sticking probability,
A the exposed area of the specimen, and S is the pumping speed of the vacuum
system. Thus by measurement of the relative gas composition and the system
pumping speed, @ could be calculated at various times during the test exposure.
The values of (, averaged over the test exposure time, were in good agree-
ment with the overall effective value of ¢ calculated from the final oxygen

content of the specimen,

Evaluation of the contaminated specimens included chemical, metallographic,
and X-ray diffraction analyses, along with tensile, stress rupture, and bend

transition temperature determinations on selected specimens,

A summary of the significant test parameters and evaluation criteria

for the seven test specimens is as follows:

Specimen Pretreatment

1. Pickling - sheet material was pickled before specimen fabrication;
2. Annealing - a) one specimen not annealed;
b) two specimens annealed but exposed to ambient
air before test exposure;
c¢) four specimens annealed immediately before test
exposure;
3. Surface Roughness - one specimen grit blasted before exposure;
4, Welding - two specimens contained full-length GTA welds;
5, Orientation to Rolling Direction - five specimens contained both

longitudinal and transverse sections.

Specimen Exposure Conditions

1. Temperature = 1700°F (927°C);

-7
2. Oxygen Partial Pressure - 10 torr range;
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3.

Exposure Time- 200 to 500 hours,

Evaluation Criteria

1.
2,
3.
4,
5.
6

Oxygen Content after Exposure = 4000 to 9000 ppm;

Oxygen Reaction Rate ~ approximately 2 x 10—9 gm/cm2 sec;
Microstructure and identity of precipitated phases;
Ductility;

Strength;

Hardness.

From the results of these tests, the following significant con-

clusions are obtained:

1,

Under the conditions of these tests, the rate of reaction of

Cb-1Zr with oxygen is significantly reduced by the presence of

a normally undetectable oxide film which is present on the surface

as a result of oxidation with ambient air. At temperatures above

about 1900°F (1038°C) the film is removed by dissolution of the

oxygen in the bulk material. The result is a much higher reaction

rate corresponding to a sticking probability of about 0.65, If

the oxide film is initially present, it will increase in thickness:

at oxygen partial pressures in the 10—7 torr range and tempera-

tures of 1700°F (927°C). A surface 1ayer'of Cb205.6ZrO2 becomes micro-

scopically visible after oxidation to about 8000 ppm oxygen,

The reaction of nitrogen with Cb-1Zr is diffusion rate limited
at 1700°F (927°C) and nitrogen partial pressures in the 10—6 torr range.

For all tests, the total nitrogen increase was less than 50 ppm.

An increase in carbon content of about 200 ppm was generally
observed. This is presumably due to reaction with backstreaming

0il from the diffusion pump.

Under the conditions of these tests, an increase in total
hemispherical emittance occurs over the initial 100 hours of

test exposure. For specimens with the surflface oxide film, a
maximum emittance of about 0,34 is obtained. For specimens with-

out the oxide layer, a maximum emittance of about 0.24 is obtained.
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The rate of oxidation of the base metal surface is about 14
percent higher than the rate on the welded (fusion zone)
material. The rate of oxidation of a grit-blaéted surface is

about 11 percent higher than the rate on the base metal surface.

Cb=1Zr alloy is considerably strengthened by addition of oxygen

up to an oxygen content of about 6000 ppm, while still maintain-
ing reasonably good room temperature ductility. At higher oxygen
contents; serious loss of ductility occurs with 1little additional

strengthening,

Cb=1Zr alloy, welded and annealed, is considerably more sensitive to
oxygen content than the base metal. After addition of 4300 ppm
oxygen, the weld metal is brittle at room temperature, and the bend

transition temperature appears to be above 550°F (290°C).

Prolonged exposure of Cb-1Zr to air at a total pressure in the
10"6 torr range results in massive grain boundary precipitation
of Cb205-6Zr02. Minor phases of Csz and ZrO2 can also be
detected. At oxygen concentration greater than 9000 ppm, a CbO

phase is also observed near the surface.

The increase in strength and reduction in ductility with increasing
oxygen content is not the result of aging in either the weld
metal or base metal, but is rather the result of the formation

of a brittle oxide phase along the grain boundaries.
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APPERDIX
CAPSULE HEATING SYSTEM

The original contract required the testing of two bellows capsules,
filled with lithium fluoride, and coated with iron titamnate. These
capsules were 3.25 inch OD with a convoluted portion 10 inches long. An
inner tube, 1.25~inch OD, passes completely through the capsule. The lithium
fluoride was contained within the space between the inner tube and the
convoluted portion., 1In order to maintain the proper freezing pattern of
the LiF, heat is rejected on the interior of the inner tube by radiation
to an air cooling tube; sealed from the vacuum system. The capsule was
required to be cycled from 1500°F (816°C) to 1700°F (927°C) in 60 minutes
and back to 1500°F in 36 minutes. This cycle was to have been repeated
over the test duration of 1000 hours, A complete description of the
lithium fluoride filled capsules and their thermal behavior during tempera=—

ture cycling is given elsewhere.(ls)

The test exposure conditions placed severe restrictions on the capsule
heating system, Since the capsule had to be exposed to the chamber environ=
ment, no thermal shielding could be employed to restrict radiant heat loss
from the capsule. 1In order to maintain the proper melting and freezing
pattern in the lithium fluoride, the heat had to be supplied on the exterior
{(convoluted) surface. The heat source itself could not be located in close
proximity to the capsule, since this too would interfere with impingement
of environmental gases on the capsule surface. Finally, the materials of
construction had to be compatible with operation both in air and in high
vacuum., The only feasible heating system seemed to be one in which a radiant
heat source was located some distance from the capsule surface, and the
heat energy was directed at the capsule by means of a suitable system of

reflectors.,

(18)

Harrison, R. W. and Hendrixson, W. H., "Corrosion Tests of Lithium
Fluoride in Contact with Columbium Alloys, Topical Report II,"
NASA Contract NAS 3-8523;, GESP-436, January 1970,
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A, Total Heat Flux Requirements

The very complicated geometry of the capsule and proposed heating
system prevented a rigorous thermal analysis of the system. The maximum
total heat flux to the capsule was thus calculated using several simpli-
fying assumptions, The total incident heat flux must be sufficient to

supply the following heat losses:

1, Radiant loss from the capsule;

2., Power required to raise the temperature of the LiF charge from
1500° to 1700°F in one hour;

3. Heat loss to the cooling air;

4, Radiant power reflected from the capsule.

The radiant loss from the capsule is assumed to be equivalent to that from
a cylinder 3.25 inches OD and 10 inches long, surrounded by a completely
absorbing surface. The total hemispherical emittance was taken to be
0.86, The radiant loss from the capsule, with these assumptions, is 4510

watts at 1500°F (816°C) and 6660 watts at 1700°F (927°C),

The power required to increase the temperature of the LiF from 1500°
to 1700°F in one hour was calculated assuming a charge of 1040 gm and that
the power to the LiF was constant during the period. The result was 380
watts,

The heat loss to the cooling air was estimated from previous bellows
capsule tests performed at GE-NSP.(ls) Steady state temperature measure-
ments with and without cooling air gave 4261watts heat loss at 1500°F and

an estimated 1000 watts heat loss at 1700°F,

The radiant power reflected from the capsule is obtained by assuming
a total absorptivity of 0.86; that is, 14 percent of the total incident
power is reflected. The total incident radiant power required is the
summation of the four losses calculated as described above. These cal-
culated values are shown in Figure 28 along with the total incident power
required between 1500° and 1700°F, It should be noted that the value for
the power required to raise the LiF temperature from 1500°F to 1700°F is
not actually a heat loss but is regained as the capsule temperature is

lowered.,

Based on the calculated total heat flux requirements and the additional
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requirement that the heating system be inert with respect to the chamber
atmosphere, a GE~NSP Engineering Specification was prepared (Spec. No.
02-0209—00~A,"Tungsten Quartz Lamp Heater Assembly for Ultrahigh-Vacuum

. 1
Service").

B. Fabrication and Acceptance Test of Capsule Heating System

The entire heater assembly to meet the requirements of Specification
No., 02-0209-00~A was designed, fabricated, and tested at Heat Technology
Laboratory, Inc., Huntsville, Alabama. The heater assembly is shown in
" Figure 29. The system consists of fifteen GE Model 1600T3/VB quartz
lamps held in the vertical position to form a cylindrical array around the
test capsule. Each lamp has an individual reflector that can be adjusted
to direct the radiant energy from the lamp toward the lithium fluoride
capsule, The lamp reflectors are made of extruded aluminum with a highly
polished, hand-buffed reflective surface. The reflector shape is a
modified parabola especially designed for this application by Heat Tech-
nology Laboratory, The lamp sockets, mounting bracket, screws, and other
parts of the lamp reflector are fabricated from aluminum. All electrical
connhectors are nickel~-plated copper and all electrical insulators are
99.5 percent alumina. The type 304 stainless steel frame is made in three
equal sections to allow the entire unit to be assembléd around the test
capsule for ease in instrumentation and inspection of the test specimen.
Four mounting lugs are attached to the frame for mounting the heater

assembly in the vacuum chamber.

The heater assembly is designed to deliver a total net power of
10 kw, incident upon the capsule, with a uniform axial heat flux that
does not vary by more than 10 percent of the average incident flux along
the length of the capsule. The maximum total rated power to the lamps

is 24 kw.

After fabrication of the capsule heating system, initial tests of
the system were performed by the vendor. Due to the lack of adequate
vacuum facilities, the tests were made in ambient air. The purpose of
the tests was to determine the uniformity of heat flux from the quartz
lamp heater assembly both along the vertical axis and in several radial

directions, and to determine the total heat flux at rated lamp power,
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Figure 28, Calculated Total Incident Power Required to Heat Bellows
Capsule From 1500 to 1700°F in One Hour,
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Measurements were made with an HTL Model GT80 heat flux transducer with
accuracy of * 3 percent at 80 Btu per ftz—secq The transducer was
positioned horizontally and flush with the outer surface of a 1,25=inch=~-
OD copper tube. The transducer and tube were cooled by water flow of

0.7 gallon per minute,

The tube and transducer were mounted so that they could be moved
to different vertical positions within 5 inches of the center line of
the lamp assembly, and also rotated to face in different radial directions.
Heat flux measurements were made at five different locations along the
axis of the assembly as shown in Figure 30, and at four different radial

directions as shown in Figure 31 for a total of twenty test points,

The measurements were made with the lamps operated at rated voltage
(240 volts). Results of the tests are shown in Table XII. These data
show excellent uniformity in both the radial and axial direction with
the minimum measured flux being 3.8 percent lower than the average value

and the maximum being 5.8 percent higher than the average.

Assuming uniform heat flux at the average value of Table XII, the
incident heat flux on a cylindrical surface 3.25 inches OD and 10 inches
long would be 6,56 Btu per second or 6,92 kw, This is about 75 percent
of the estimated required value at 1700°F. Due to the possibility that
additional heat flux would be required, measurements were made at HTL
up to twice the rated voltage of the lamps. Results of these tests are
shown in Figure 32 where the heat flux is plotted against applied voltage
between 150 and 440 volts. These data show that the estimated required
value (9.3 kw) of heat flux incident on a cylinder, 3.25 inches OD and
10 inches long,; can be obtained with 300 volts applied to the lamps,

C. Power Control Equipment for Capsule Heating System

The power control circuit was designed to provide for either manual
variation of electric power to the lamps, or for automatic cyclic control
in accordance with the required variation in capsule temperature. Power
to the system was varied by means of three saturable reactors, one in
each phase of the 440-volt line., DPower control was provided by a cam=

operated, program=type set point unit operating off a control thermocouple
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on the apex of the center convolution on the capsule. The basic elements
of the power control circuit are shown in Figure 33, This system is capable
of providing 430 volts at approximately 80 amps to the lamps in the vacuum
chamber, Control of the lamp power may be manual or automatic. In the
automatic mode the 4-20 ma dc control current to the magnetic amplifier

is generated in a program-type set point unit (West Instrument Corp.

Model JSBGF-S79), This device generates an output signal proportional to
the difference between the set point temperature and a temperature

derived from a thermocouple attached to the test specimen. The set point
is varied automatically by means of a cam which can be cut to give the
desired time-temperature relationship. The cam makes one complete rotation
each 96 minutes., Both automatic and manual cqntrol signals pass through

a current limit circuit which can be adjusted to limit the maximum out-

put of the saturable reactor without turning off the power or causing any
step change in power level. Meters for monitoring phase voltages and
currents are provided, Meters are also provided to indicate control cir-

cuit volyages and currents.

D. Initial Operation of Capsule Heating System in Vacuum

The capsule was installed and instrumented in the vacuum system and
the quartz lamp heating system placed in position surrounding the capsule.
Twenty thermocouples (W-3Re/W-25Re) were spot welded to the capsule surface.
Figure 34 shows the instrumented bellows capsule with one section (five
lamps) of the heating system in position, The supporting tubulation on
the capsule is insulated with Cb-1Zr foil. The exit line for the capsule
cooling air is visible at the top of the photograph. Thermocouples were

also attached to the aluminum reflectors,

In the initial vacuum operation of the capsule heating system, it was
found that, with the capsule temperature at 1200°F, the temperature of the
reflectors exceeded the maximum recommended level of 800°F. The apparent
total power to the lamps was 9.2 kw. The fact that the reflectors apparently
did not reach such high temperatures in the acceptance tests, even though
the lamps were operated in excess of rated power (24 kw), is due to

convective cooling by ambient air during the acceptance tests, In addition,
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during the vacuum tests, the bellows capsule operating at high tempera-
ture was an additional heat source to the reflectors, where, during the

acceptance tests, the reflectors faced a water-cooled tube.

It was thus apparent that some means of cooling the reflectors had
to be employed for vacuum operation of the heating system at power levels
exceeding 9 kw, Several methods of cooling the reflectors were investi-
gated, including direct water cooling and radiative cooling by application
of high-emittance coatings to the back of the reflectors and to the
vacuum chamber walls, Water cooling was finally selected as the most

positive solution to the problem.

E. Modification of Capsule Heating System

Several methods of attachment of the water cooling tubes to the
reflectors were investigated. These methods included attachment by
mechanical fasteners, brazing, and welding. Welding was selected as the
best means of providing good thermal contact. Careful design of the weld
joint was essential to prevent excessive distortion of the reflector con-
tour. Aluminum tubes (3003-H14 alloy), 0,50-inch-OD with 0.065-inch-wall,
were recessed in circular grooves, 0.19-inch-deep, machined in each side
of each reflector. Machined grooves, one on each side of each tube, pro-
vided a projection which was gas tungsten arc welded to the tube wall.
The aluminum tubes on adjacent reflectors were interconnected by stain=-
less steel tubing loops with Swagelok fittings. Figure 35 shows the
completed water-cooled heater assembly mounted in the vacuum chamber with

the instrumented bellows capsule in position,

Initial vacuum thermal tests with the water-cooled reflector system
were made by measuring the capsule temperatures obtained with various
values of apparent electrical power input to the lamp system., In Figure
36, the total lamp system power input is plotted against the fourth power
of the capsule temperature. This temperature is measured at the apex
of the convolution near the center of the capsule. Extrapolating these
data to the maximum required capsule temperature of 1700°F (927°C), the
lamp system power required would be about 37 kw or approximately 1,5

times the rated value (24 kw) of the system, Similar data obtained
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during the tests with uncooled reflectors indicated that 1700°F (927°C)
could be obtained with 24 kw applied to the lamps. It is thus apparent
that, with uncooled reflectors, a significant portion of the total heat
flux to the capsule resulted from direct radiation from the hot reflectors
to the capsule. This energy was not available when the reflector tempera-

ture was reduced by water cooling.

It was expected that the life of the lamps would be significantly
reduced by operating at power levels much above the rated value. Several
attempts were thus made to increase the fraction of emitted heat flux
that was incident on the capsule., This involved placement of additional
reflecting surfaces in such positions as to direct the radiation toward
the capsule. These attempts generally resulted in no appreciable increase

in heat flux.

After it had been determined that no significant increase in total
heat flux could be obtained by simple geometrical changes or by insertion
of additional reflecting surfaces, the capsule was temperature=-cycled
several times using the programmed temperature control circuit, and per-~
mtting lamp voltage considerably in excess of the rated value. For these
tests, the programmer was adjusted to provide a linear temperature increase
from 1500°F (816°C) to 1700°F (927°C) in 60 minutes followed by a linear
temperature decrease from 1700° to 1500°F in 36 minutes. The current
limiting circuit was adjusted to 1limit the power to the lamps to the value
required to reach a capsule temperature of 1700°F., Under these conditions,
temperature variations such as that shown in Figure 37 were obtained. The
corresponding lamp voltage as a function of time during the cycle is also
shown in Figure 37, The capsule tempsrature is obtained from a thermo-
couple located on the apex of one of the center convolutions on the
capsule. The capsule temperature and lamp voltage increase steadily
at the beginning of the cycle until the lithium fluoride begins to melt,

At this point (about 12 minutes into the cycle) the capsule temperature
falls below the programmed value but additional power is not supplied
to the lamps since the maximum voltage is limited in the control circuit,

The lamp voltage is thus held at its maximum value until the heatup
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portion of the cycle is completed. On the decreasing portion of the cycle,
the capsule temperature and lamp voltage steadily decrease until the
l1ithium fluoride begins to freeze. At this point (about 80 minutes into
the cycle) the programmed temperature tends to be lower than the capsule
temperature and the lamp voltage required drops rapidly until freezing

is complete, At this point the lamp voltage increases somewhat in order

to maintain the required cooling rate. The capsule temperature was cycled
several times to determine that adequate temperature control was maintained
by the automatic control circuit. During this period , indications of

malfunction in the heating system were observed.

Following these tests, the chamber was opened in order to determine
the cause of the apparent malfunction., One quartz lamp envelope was
found completely shattered. Rather severe distortion of all lamp envelopes
was noted; Several of the lamps are shown in Figure 38 along with a new
lamp for comparison purposes. The mica spacers which center and support the
filament may be noted on the broken lamp. The envelope has a tendency

to melt through in the vicinity of these sgpacers,

It was obvious from the results of these tests that operation of the
lamps at 380 volts in vacuum caused softening of the quartz and distortion
of the envelope and that lamp failure could be expected after but a few
hours of operation. No test of any significant duration could thus be

performed under these conditions,

In conjunction with NASA Project Management, a plan was formulated
whereby the bellows capsule would have been contaminated in this facility
utilizing the capsule heating system under isothermal conditions at about
1500°F (816°C) with the lamps operating near their rated voltage. The
contaminated capsule would have then been cycled in a separate facility
utilizing a different heating system. This plan was not, however,

pursued due to a shift of emphasis on the Solar Heat Receiver Program.
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